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ABSTRACT

This report describes the research performed over the period of 1 January 1999 to 31 December
1999 on a MURI under Office of Naval Research contract N00014-96-1-1173 on the topic “Acoustic
Transduction: Materials and Devices” brings together work from the Materials Research Laboratory
(MRL), the Applied Research Laboratory (ARL), and the Center for Acoustics and Vibrations (CAV) at
The Pennsylvania State University. As has become customary over many years research on the program is
described in detail in the 87 technical appendices to this report and only a brief narrative description
connecting this research is given in the text.

Perhaps the most outstanding accomplishment of the year is a “spin on” from our earlier single
crystal studies now involving Brookhaven National Laboratory and Professor Gonzalo’s group in Madrid,
Spain. Using exceptionally homogeneous polycrystal lead zirconate titanate samples prepared in MRL,
precise synchotron x-ray analysis has confirmed a new monoclinic phase at lower temperature in
composition close to the important morphotropic phase boundary. This work demands a re-thinking of
both intrinsic and extrinsic contributions to response in this most important practical transducer material
family. Domain Engineering/Domain Averaging in lead zinc niobate:lead titanate (PZN:PT) in lead
magnesium niobate:lead titante (PMN:PT) and inn barium titanate (BaTiO3) continues to offer single
crystal systems with outstanding transducer and actuator properties and new insights into the field
induced strain mechanisms in all perovskite type piezoelectrics. Excellent progress with the new high
strain irradiated P(VDF:TrFE) relaxor ferroelectric copolymer system has helped catalyze a new DARPA
initiative in this area and a re-awakening of interest in the whole area of electrostrictive polymer systems.

A primary objective of this MURI grouping was to help shorten the time constant for new
materials and device concepts to be applied in practical Navy Systems. We believe this has now been
realized in joint work on the composite cymbal type flextensional arrays for large area projectors, and in
the progress made towards a micro-tonpilz array system.

Original work on new step and repeat piezoelectric high strain systems continues to make good
progress now using commercial motion rectifiers to produce both linear and rotary systems with high
torque capability. New composite designs are pushing toward 1 mm diameter motors in the size regimen
where there are real difficulties for conventional electromagnetic designs.

A new area of activity this year is in piezoelectric transformers where a circular symmetry design
in conjunction with controlled inhomogeneous poling is shown to offer capabilities which are of real
interest for energy recovery actuator power systems. Basic studies have evolved a new environmental
SEM technique for high resolution domain wall studies without changing problems. Work is continuing
on reliable measurements of electrostrictive constants in simple solids confirming by both direct and
converse methods and permitting the first generalization of trends in these fundamentally important
coupling constants.
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ABSTRACT

Losses in piezoelectrics are considered in general to have three different mechanisms; dielectric,
mechanical and piezoelectric losses. This paper deals with the phenomenology of losses, first,
then how to measure these losses separately in experiments. We found that heat generation is
caused mainly by dielectric loss tan &’ (i. e. P-E hysteresis loss), not by mechanical loss, and that
a dramatical decrease in mechanical Qq with an increase of vibration level was observed in
resonant piezoelectric ceramic devices, which is due to an increase in the intrinsic dielectric loss,
not in the intrinsic mechanical loss. Finally, we propose the usage of the antiresonance mode
. rather than the conventional resonance mode, particularly for high power applications, since the
mechanical quality factor QB at an antiresonance frequency is larger than QA at a resonance

frequency.

INTRODUCTION

Loss or hysteresis in piezoelectrics exhibits both merits and demerits. For positioning
actuator applications, hysteresis in the field-induced strain provides a serious problem, and for
resonance actuation such as ultrasonic motors, loss generates significant heat in the piezoelectric
materials. Further, in consideration of the resonant strain amplified in proportion to a mechanical
quality factor, low (extrinsic) mechanical loss materials are preferred for ultrasonic motors. On the
contrary, for force sensors and acoustic transducers, high mechanical loss, which corresponds to a
low mechanical quality factor Q, is essential to widen a frequency range for receiving signals.

However, not much research effort has been put into systematic studies of the loss
mechanisms in piezoelectrics, particularly in high voltage and high power range. Since not many
comprehensive descriptions can be found in previous reports, this paper will clarify the loss
mechanisms in piezoelectrics phenomenologically, describe heat generation processes and high
power characteristics, and ,finally, discuss the resonance and antiresonance vibration modes from a
viewpoint of a quality factor.

LOSS AND HYSTERESIS IN THE POLARIZATION CURVE

Let us start with loss and hysteresis in the electric displacement D (nearly equal to polarization
P) vs. electric field E curve without considering the electromechanical coupling. Figure 1 shows
an example P-E hysteresis curve. When the D (or P) traces a different line with increased and
decreased applied electric field E, it is called hysteresis.




When the hysteresis is not very large, the electric displacement D can be expressed by using a
slight phase lag to the applied electric field. Assuming that the electric field oscillates at a
frequency f (= @W/2r) as

E* = Eg /!, o)

the induced electric displacement oscillates also at the same frequency under the steady state, but
with some time phase delay &:

D* = Dg i(®+D). @)

Fig.1 D (or P) vs. E hysteresis curve.

If we express the relation between D* and E* as
D*=¢*eo E¥, ©)

where the complex dielectric constant e'is

e =¢-je, @)
and where
g'/¢ =tan §. ' )

Note thatvthe negative connection in Eq.(4) comes from the time "delay”, and that s'eo = (Dg/EQ)
cos & and € €g= (D/EQ) sin 5 .

The area we corresponds to the consumed loss energy during an electric field cycle per unit volume

of the dielectrics, and can be related in isotropic dielectrics with € or tan  as follows:
2rn/®
we=-/DdE=-[ D (dE/dt)dt ©)
0

Substituting the real parts in Egs.(1) and (2) into Eq.(6),
2n/w
we=] Dg cos(wt-8) (Eg w sincwt) dt
0




2n/®
=EgDgwsind/ sinot dt = © Eg Do sin & @)
0

we =T € €9 Eg2 = m €€ EQ? tan § (8)

When there is no phase delay (8 = 0), we = 0; i. e. the electrostatic energy stored in the

dielectric will be recovered completely after a full cycle (100% efficiency). However, when there is
a phase delay, the loss we will be accompanied per cycle, and the dielectric material generates heat.

The tan § is called dissipation factor, and its inverse value Q = I/tand is called electrical quality

factor. )
In consideration of the stored electrostatic energy during a half cycle from - Eg to Eg (= 4 Ue,

which is illustrated as an area in Fig. 1) provided by

4 Ue = (1/2)(2 Eg)(2 Dg cos &)
=2 Eg Do, ©

the dissipation factor tan 8 can be experimentally obtained by
tan 8 = (1/2x) (we / Ug). (10)

Note that we is the hysteresis in a full cycle and Uy is the stored energy in a quarter of cycle.

Temperature, Electric Field and Frequency Dependence of P-E Hysteresis

Figures 2, 3 and 4 show temperature, electric field and frequency dependence of the dissipation
factor tan &' calculated from the P-E hysteresis loss measured under stress free condition for a PZT-

based ceramic.]) The loss tan &' decreases gradually with increasing temperature, but is rather
insensitive to frequency. On the contrary, the tan &' increases initially in proportion to the applied
electric field, exhibiting a saturation above a certain electric field. The value for E = 0 (solid
traangle mark in the figure) was obtained with an impedance analyzer.
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Fig.2 Loss tan &' as a function of sample temperature (3 kV/mm, 300 Hz).
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GENERAL CONSIDERATION OF LOSS AND HYSTERESIS
Let us expand the above discussion into more general cases; i.e., piezoelectric materials. We

will start from the Gibbs free energy G expressed by
dG=-xdX-DdE-SdT, an

or
G=-(1/2) sEX2-dXE- (112) eXe E2. (12)

Here, x is strain, X, stress, D, electric displacement, E, electric field, S, enthalpy and T is
temperature. Temperature dependence is carried into the elastic compliance sE, the dielectric



constant €X and the piezoelectric constant d. We will obtain the following two piezoelectric
equations:

=-(3G/RX)=sEX+dE, (13)
=-(3G/OE) =d X + eX¢eQ E . (14)

Thermodynamical equations and the consequent piezoelectric equations (Egs. (11)-(14)) cannot yield
a delay-time related loss, without taking into account irreversible thermodynamic equations or
dissipation functions. However, the latter considerations are mathematically equivalent to the
introduction of complex physical constants into the phenomenological equations.

Therefore, we will introduce complex parameters ex*, sD*, SX*, sE™ and d* in order to
consider the hysteresis losses in electric, elastic and piezoelectric coupling energy :

eX* = gX(1 - j tan §), (15)
eX* = ¢X(1-jtan &), (16)
sD* =sD(1 - j tan ¢), an
sE* =sE(1 - jtan ¢), (18)
d*=d(1-jtan®). (19)

0 is the phase delay of the strain under an applied electric field, or the phase delay of the electric
displacement under an applied stress. Both delay phases should be exactly the same if we introduce

the same complex piezoelectric constant d* into Egs.(13) and (14). & is the phase delay of the
electric displacement to an applied electric field under a constant strain (i.e., zero strain or
completely clamped) condition, and ¢ is the phase delay of the strain to an applied stress under a
constant electric displacement (i.e., open-circuit) condition. We will consider these phase delays as

“intrinsic" losses. With this assumption, we can calculate the dissipation factors for eX*

(permittivity measured under constant stress) and sE* (elastic compliance measured under constant
electric filed) which correspond to "extrinsic" losses. When an elecric field is applied on a
piezoelectric sample as illustrated in the top of Fig. 5, this state will be equivalent to the
superposition of the following two steps: first, the sample is completely clamped and the field Eg

is applied (pure electrical energy (1/2) €Xeg E()2 is input); second, keeping the field at Eg, the
mechanical constraint is released (additional mechanical energy (1/2) (dzlsE) E()2 is necessary).

The total energy should correspond to the total input electrical energy (1/2) eXso E02; thus, we
obtain the relation,

soex =gpeX + (d2/sEy, 20)
Similarly, from the bottom of Fig. 5,

sE = sD + (d2/ggeX). @1

Replacing eX, eX sE sD, d in Eqgs. (20) and (21) by the complex parameters in Egs. (15) -
(19), we obtain : .




eX /eX = 1/(1 - k2), (22)

sEsD=1/1-%2), @3)

tan &'= (1/(1 + k2)[tan & + k2(2 tan 6 - tan ¢)], 24)

tan ¢'= (1/(1 + k2)){tan ¢ + k2(2 tan 6 - tan 8)], (25)
where

k2 = d2/(sE egeX). (26)

This k is called the electromechanical coupling factor, and defined here as a real number. It is
important that the extrinsic dielectric and elastic losses are mutually correlated with the intrinsic

dielectric, elastic and piezoelectric losses through the electromechanical coupling k2, and that the

denominator (1 + k2) comes basically from the ¢X/ ¢X ratio and this real part reflects to the
dissipation factor when the imaginary part is devided by the real part. Also note that depending on

the vibration mode, the definition of electromechanical coupling k can be changed such as k2 =

d2/(sD ggeX).
Total Input Stored Stored
Electrical Energy Electrical Energy Mechanical Energy
= (1/2) e0e X Ep2 = (1/2) e0eX E02 = (1/2) (d2/sE)E02
------ ] - s er o
—— Strain
o —_— = + x=dE0
FFFFF | I
L—— Mechanically
clamped Electrically
short-circuited
Total input Stored Stored
Mechanical Energy Mechanical Energy Electrical Energy
= (1/2) sE X2 = (1/2) sD x02 = (1/2) (d2/e 0eX)X02
------ Cufrent
1 l = +
I
Electrically Electrically l;o_ladrization
shont-circuited open-circuited =dXo
Inverse field
E = dXo/egeX

Fig. 5 Conceptual figure for explaining the relation between £X and €X, sE and sD.




Figures 6(a) - 6(d) correspond to the model hysteresis curves for practical experiments: D vs. E
curve under a stress-free condition, x vs. X under a short-circuit condition, x vs. E under a stress-
free condition and D vs. X under an open-circuit condition for measuring charge (or under a short-
circuit condition for measuring current), respectively.

In a similar fashion to the previous section, the stored energies and hysteresis losses for pure
electrical and mechanical energies can be calculated as:

Ue = (1/2) eXeg Eo2, 27)
we = T eXeg Eg? tan &, (28)
Up = (112) sE X¢?, (29)
Wm=T sE Xo2 tan ¢’ . (30)

The electromechanical loss, when measuring the induced strain under an electric field, is more
complicated. Let us calculate the stored energy Uem during a quarter electric field cycle (i.e., O to

EQ) , first :

Uemn = - J x dX = (1/2) (xo2/sE) = (1/2) (dEg)%/sE
= (1/2) (d2/sE)Eq? 31)

Replacing d and sE by d* =d(1 - j tan 6) and sE* = sE(1 - j tan ¢), we obtain
Uem = (1/2) (% sB) Eg2, (32)

and .
wem = T (d2/ sE) Eg2 (2 tan® - tang’). (33)

Fig.6 (a) D vs.E (stress free), (b) x vs. X (short-circuit), () x vs. E (stress free) and
(d) D vs. X (open-circuit) curves with a slight hysteresis in each relation.




Note that the strain vs. electric field measurement seems to provide the piezoelectric loss tan
directly, however, the observed loss should include an additional elastic loss because the strain

should be delayed to the initial stress, which is needed to calculate energy.
Similarly, when we measure the induced charge under stress, the stored energy Ume and the

hysteresis loss Wre during a quarter and a full stress cycle, respectively, are obtained as

Unne = (172) (d% £0eX) Xo2, (34
and
Wie = Tt (d2/ g0€X) X2 (2 tan6 - tand’). (35)

Hence, from the measurements of D vs. E and x vs. X, we obtain tand’ and tan¢’,

respectively, and either the piezoelectric (D vs. X) or converse piezoelectric measurement (x vs. E)
provides tan 8 through a numerical subtraction.
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Fig.7 Dissipation factors determined from (a) D vs. E (stress free), (b) x vs. X (short-circuit), (c)
x vs. E (stress free) and (d) D vs. X (open-circuit) curves for a PZT based actuator.
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measured for a PZT based actuator.

Figure 7 shows dissipation factors determined from (a) D vs. E (stress free), (b) x vs. X (short-
circuit), (¢) x vs. E (stress free) and (d) D vs. X (open-circuit) curves for a PZT based actuator.
Figure 8 shows the result for the piezoelectric loss tanB. We used the correlation factor between

electric field and compressive stress given averagely by X = ((»:()s:X/sE)l/2 E. Note that the

piezoelectric loss tan6 is not so small as previously believed, but comparable to the dielectric or
elastic loss, and is insensitive to the field or stress. The experimental details will be reported in
the successive papers.

When similar measurements to Figs. 6(a) and 6.(b), but under constrained conditions; that is,
D vs. E under a completely clamped state, and x vs. X under an open-circuit state, respectively, we
can expect smaller hystereses; that is, intrinsic losses, tand and tan¢. These measurements are
alternative methods to determine the three losses separately.

LOSS AND HEAT GENERATION _

Heat genration in various types of PZT-based actuators has been studied under a relatively
large electric field applied (1 kV/mm or more) at an off-resonance frequency, and a simple
analytical method was established to evaluate the temperature rise, which is very useful for the
design of piezoelectric high-power actuators.

Zheng et al. reported the heat generation from various sizes of multilayer type piezoelectric
ceramic actuators.l) Figure 9 shows the temperature change in the actuators when driven at 3
kV/mm and 300 Hz, and Fig. 10 plots the saturated temperature as a function of Ve/A, where Ve
is the effective volume (electrode overlapped part) and A is the surface area. This linear relation is
reasonable because the volume Ve generates the heat and this heat is dissipated through the area A.
Thus, if we need to suppress the temperature rise, a small Ve/A design is preferred.

According to the law of energy conservation, the rate of heat storage in the piezoelectric
resulting from heat generation and dissipation effects can be expressed as

ag - Gout =V p ¢ (dT/dY), (36)
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Fig.10 Temperature rise versus Ve/A (3 kV/mm, 300 Hz), where Ve is the effective volume
generating the heat and A is the surface area dissipating the heat.

assuming uniform temperature distribution in the sample. V, p, ¢ are total volume, density and
specific heat, respectively. The heat generation is considered to be caused by losses. Thus, the
rate of heat generation (qg) in the piezoelectric can be expressed as

qg=ufVe, 37

where u is the loss of the sample per driving cycle per unit volume, f, the driving frequency, and
Ve is the effective volume where the ceramic is activated. According to the measuring condition,




this u corresponds to we of Eq. (28), which consists of the intrinsic electrical loss tan 8 and the
electromechanical loss (2 tan@ - tand’) in the previous section: '

u=we= n eXgg Eg? tan &’
= (1/(1 + k2))[tan & + k2(2 tan 8 - tan §)] 7 eXeg Eg2. (38)

Note that we do not need to add wer explicitly, because the corresponding electromechanical loss
is already included implicitly in we.

When we neglect the conduction heat transfer, the rate of heat dissipation (qoyt) from the
sample is the sum of the rates of heat flow by radiation (qr) and convection (qc):

Jout=4r+4qc
= 0eA(T4 - To%) + he A(T - Tg), (39)

where G is the Stehan-Boltzmann constant, e is the emissivity of the sample, h¢ is the average

convective heat transfer coefficient, and A is the sample surface area.
Thus, Eq.(36) can be written in the form:

ufV-AKkT)(T-To)=V pc (dT/dy), (40)
where
k(T) = 6e(T2 + T2)(T + To) + he (41)

is defined as the overall heat transfer coefficient. If we assume that k(T) is relatively insensitive to
temperature change, the solution to Eq.(40) for the piezoelectric sample temperature is given as a
function of time (t):

T-Tg=[ufVe/k(T) Al [1 - e¥1], (42)
where the time constant 1 is expressed as

1= pcV/(DA. | (43)
As t --> oo, the maximum temperature rise in the sample becomes

AT = u f Ve/ k(T) A. ‘ (44)
As t --> 0, the initial rate of temperature rise is

dT/dty=ufVe/pcV=AT/T . : (45)
Figures 11 and 12 show the dependence of k(T) on applied electric field and frequency. Since k(T)
is not really constant, we can calculate the total loss u of the piezoelectric through Eq.(45). The
calculated results are shown in Table I. The experimental date of P-E hysteresis losses under a

stress-free condition are also listed for comparison. It is seen that the P-E hysteresis extrinsic loss
agrees well with the total loss contributing to the heat generation.
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Table I Loss and overall heat transfer coefficient for PZT multilayer samples
(E = 3 kV/mm, f = 300 Hz).

Actuator 4,5x3.5x2 mm  7x7x2 mm 17x3.5x1 mm
Total loss (x10°J/m?)
CvV
u= 2V dTy 19.2 19.9 19.7
fve "dtt50
P-E hysteresis loss (x10°J/m®) 18.5 17.8 - 174

KT (W/mK) 38.4 39.2 34.1




LOSSES AT A PIEZOELECTRIC RESONANCE

So far, we have considered the losses for a quasi-static or off-resonance state. Problems in
ultrasonic motors which are driven at the resonance frequency include significant distortion of the
admittance frequency spectrum due to nonlinear behavior of elastic compliance at a high vibration
amplitude, and heat generation which causes a serious degradation of the motor characteristics
through depoling of the piezoceramic. Therefore, the ultrasonic motor requires a very hard type
piezoelectric with a high mechanical quality factor Q, leading to the suppression of heat
generation. It is also notable that the actual mechanical vibration amplitude at the resonance
frequency is directly proportional to this Q value.

Losses at a Piezoelectric Resonance

Piezoelectric resonance without loss
Let us consider the longitudinal mechanical vibration of a piezo-ceramic plate through the
transverse piezoelectric effect (d31) as shown in Fig. 13. Assuming that the polarization is in the

z-direction and x-y planes are the planes of the electrodes, the extentional vibration in the x
direction is represented by the following dynamic equation :

(02w 12) = F = (3X1/3x) + (0X12/9y) + (0X13/92), (46)

where u is the displacement of the small volume element in the ceramic plate in the x-direction.
When the plate is very long and thin, Xp and X3 may be set equal to zero through the plate, and

the relations between stress, electric field (only E, exists) and the induced strain are given by :
X1 =x1/511E - (d31/511B)E,. (47)

Introducing Eq.(47) into Eq.(46), and allowing for x;=du/dx and dE,/dx=0 (due to the equal
potential on each electrode), leads to a harmonic vibration equation :

-w2p s1 1E u=0%u/ax2. (48)

Here, @ is the angular frequency of the drive field, and p is the density. Substituting a general
solution u=uj (x)e)®+uy(x)eJ? into Eq.(47), and with the boundary condition X; =0 at x =0
and L (sample length), the following solutions can be obtained:

(strain) ouw/dx = x1 = d31E; [sin@(L-x)/v + sin(0x/v)] /sin(0L/v), (49)
L

(total displacement) AL = [ x1dx = d31E,L (2v/@L) tan(wL/2v). (50)
0

Fig.13 Longitudinal vibration through the transverse piezoelectric effect (d31)
in a rectangular plate.



Here, v is the sound velocity in the piezoceramic which is given by

v=1/VpsiE. 1)

Since the total current is given by :

L L
i = jow | D3 dx = jow ] [(e0e33% - d31%/s] 1BE, + (@31/511E)x1] dx, (52)
0 0

and using Eq. (49), the admittance for the mechanically free sample is calculated to be:

Y =(1/Z) = (V) = (VEzY)
= (jowL/t) ege33LCl1 + (d312/e0e33LCs1 1E)(tan(@L/2v) / (@L/2V)}, (53)

where w is the width, L the length, t the thickness of the sample, and V the applied voltage.
533LC is the permittivity in a longitudinally clamped sample, which is given by
e0e33-C = e0e33X - (d31%5115)
= g0 £33%(1 - k31?). (54)
The final transformation is provided by the definition,
k3 =d31/V s11E g0z (55)

When the drive frequency is much lower than the resonance, taking @ --> 0 in Eq. (53) leads
to Y = (jowL/t) s33x (corresponding to the normal capacitance). The piezoelectric resonance is
achieved where the admittance becomes infinite or the impedance is zero. The resonance frequency
fR is calculated from Egq. (53), and the fundamental frequency is given by

fg = vi2L = U@L \p s11E). (56)
On the other hand, the antiresonance state is generated for zero admittance or infinite impedance:
(@AL/2V) cot (0AL/2Y) =- d31%/ £33LC s B =- k31 2/ (1 - k312 57

The resonance and antiresonance states are described by the following intuitive model.?) Ina
high electromechanical coupling material with k almost equal to 1, the resonance or antiresonance
states appear for tan(@L/2v) == or O [i. e., oL/2v = (m-1/2) orm (m: integer)}, respectively.
The strain amplitude x distribution for each state [calculated using Eq. (49)] is illustrated in Fig.
14. In the resonance state, large strain amplitudes and large capacitance changes (called motional
capacitance) are induced, and the current can easily flow into the device. Note that for a loss-free
piezoelectric the strain is calculated to be infinite in Eq. (49). On the other hand, at antiresonance,
the strain induced in the device compensates completely, resulting in no capacitance change, and




the current cannot flow easily into the sample. Thus, for a high k material the first antiresonance
frequency fa should be twice as large as the first resonance frequency fr.

In a typical case, where k31 = 0.3, the antiresonance state varies from the above-mentioned
mode and becomes closer to the resonance mode. The low-coupling material exhibits an
antiresonance mode where capacitance change due to the size change is compensated completely by
the current required to charge up the static capacitance (called damped capacitance). Thus, the
antiresonance frequency fA will approach the resonance fR.

Resonance Antiresonance
Low coupling High coupling

m=2 — S -~ —~ —
B <> T=<l [ ea—] [ea— |

Fig.14 Strain generation in the resonance or antiresonance state.

When (f, - fp) is not very large due to a small electromechanical coupling, we can derive the
following approximate expression for fA. Assuming that wp- @R is much smaller than ©®R &

nv /L),
(@A L/2v) cot (wp-0RIL2Y -T/2) = (@A L/2v)sin(® A-WR)L/2v)/cos(® A-OR)L/2v)
Thus, |
04 = @vL)1 + (4/m2) K312), (59)
where we introduced a new parameter K31 as
K312 =k31%/ (1 - k312). (60)
It is notable that for a piezoelectric sample with a typical k3] value, the two ends of the plate are

not the nodal points, that is, we can expect rather large displacements, which can be applied for
ultrasonic motors.

Piezoelectric resonance with losses
First, we will discuss the admittance curve. Similar to the treatment in Section 3, we will
introduce the complex parameters 633X* = E33X(1 - j tan &), sllE* = snE(l -j tan ¢’), and

d3;*=d(1 - j tan 8) into Eg. (53):




e

Y=Y4+Yn |
= (jowL/t)ege33X(1 -k31 D1 - j (1/(1-k312)((ian 8- k312(2 tan 6 - tan ¢"))]
+ (jowL/)ege33Xks ;2 [(1 - j(2 tan 6- tan ¢")][(tan(@L/2 v¥) / (@L/2 v7)]
=j@Cq [1 - (11 - k312))((tan &'- k31%(2 tan - tan ¢"))]
+jwCq K312({(1-j(2tan6-tan "] [(tan(@L2v*Y(wL2v™)]
=jCq (1 - j tan 8) + joCq k3 2[(1-j(2tan6-tan ¢")][(tan(wL/2v*)(@L/2v")], (61)

where
Cp= (WLhY) 80833X, (62)
Cg=(1- k312) Co- (63)

Note that the loss for the first term (damped conductance) is represented by the intrinsic electric
loss tan 8, not by the extrinsic loss tan 8’. Taking into account

v* = 1Wp s1;E(1 - jtan ") = v (1 + (1/2) j tan §), 64)

we further calculate 1/(tan(coL/2v*) with an expansion-series approximation around (WL/2v) = /2.
The resonance state is defined in this case for the maximum admittance point, rather than the
infinite Y. We will use new frequency parematers,

Q=0L2 v, AQ=Q -n2 (<1). (65)
Since WL/2 v¥= (n/2+ AQ) [1 - (1/2) j tan ¢'],
1/ (tan(@L/2v*) = - AQ + j (n/d)tan ¢’ . (66)
Thus, assuming K312= k3 12/(1-k312), Y, is approximated aound the first resonance frequency by
Yy = j0C4 K312 [(1-j(2tan6-tan ¢")][(tan(@L/2v*W(@L/2v")]

= jw,Cq K312 [(1-j(2tan6-tan ¢"))/[(-AQ+j(r/4)tang’ )(m/2)(1-(1/2)jtand’)]
= j(m2/8) 00Cq K312 [(1+j((3/2)tan¢’~2tanB))/[(- (4/m)AQ+ijtang’). (67)

The maximum Yy, is obtained at AQ = 0:
¥, M3X = (n2/8) wp Cq K312 (tan ¢°)°L. (68)

In order to obtain the mechanical quality factor, let us obtain AQ which provides YmmaxNz_
Since AQ = (n/4)tan ¢’ is obtained,

Q= Qq 12AQ = (n/2)/ 2 (n/4)tan ¢’= (tan: ¢’)'1. (69)

This verifies the ready-used relation, Q, = (tan ¢’)'1.




Next, the displacement amplification is considered. From Eg. (50) also by using the complex
parameters:

u(L) = d31 *E,L (2v*/eL) tan(wL/ 2v")

=2d31(1-j tan®) E,L [v(1+( 1/2) j tan¢’) /wL] tan(wL/2 v*)
= 2d31(1-j tanB) E,L [v(1+(1/2) ] tand’) /@gL] / (- AQ + j(n/4)tan ¢°). (70)

The maximum displacement up 4y is obtained at AQ=0:
Umax = (W2/8) d31 EL (tan o) L. (71)

The maximum displacement at the resonance frequency is (n2/8) Qpq times larger than that at a

non-resonance frequency (d31E,L).

In a brief summary, when we observe the admittance or dislpacement spectrum as a function
of drive frequency, and obtain the mechanical quality factor Qp, estimated from Qp = wp/2A0,

where 2Aw is a full width of the 3 dB down (i.e., 1/72) of the maximum value at ® = ®g, We
will obtain the extrinsic mechanical loss tan ¢’.

Equivalent Circuit

The equivalent circuit for the piezoelectric acuator is represented by a combination of L, C and
R. Figure 15 (a) shows an equivalent circuit for the resonance state, which has very low
impedance. Taking into account Eq. (61), we can understand that Cg and Rq correspond to the

electrostatic capacitance (for a longitudinally clamped sample in the previous case) and the clamped
(or intrinsic) dielectric loss tan 8, respectively, and the components Lo and Cp in a series

resonance circuit are related to the piezoelectric motion. For example, in the case of the
longitudinal vibration of the above rectangular plate through d31, these components are represented
by

La=(p/B)(Lb/w)s11E2/ d312), (712)

Ca = 8/ m2)Lw / b)d312 /5115 (73)

Gd — Cf

Cd=
GB =
S U]

) é
() ®)

Fig.15 Equivalent circuit of a piezoelectric device for the resonance (a) and the antiresonance (b).
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The total resistance RA (= Rq + Ryp) should corresponds to the loss tan ¢’, which is composed of

the intrinsic mechanical loss tan ¢ and piezoelectric/dielectric coupled loss (2tan 6 - tan 8) (see Eq.
(25)). Thus, roughly speaking, Ry, corresponds to the intrinsic mechanical loss. Note that we

introduced an additional resistance Rq to explain a large contribution of the dielectric loss when a
vibration velocity is relatively large. In contrast, the equivalent circuit for the antiresonance state
of the same actuator is shown in Fig. 15 (b), which has high impedance.

Losses as a Function of Vibration Velocity

Figure 16 shows the mechanical Qm versus basic composition x at two effective vibration
velocities vo=0.05 m/s and 0.5 m/s for Pb(ZrxTi1.x)O3 doped with 2.1 at% of Fe.3) The
decrease in mechanical Qp with an increase of vibration level is minimum around the

rhombohedral-tetragonal morphotropic phase boundary (52/48). In other words, the smallest Q
material at a small vibration level becomes the best at a large vibration level, and the data obtained
by a conventional impedance analyzer with a small voltage/power does not provide data relevant to

high power materials.

o Pb(Zry Ti1-x)O3 + 2.1 at% Fe
} .
2
g 2000f
; F
g_ B Vibration velocity __| 600 g
2 vo = 0.05 m/s <
ki 8
g =
@ o
= 3
Q
B 200 §
o=
(8]
. o '
1 1 L 1 1 1 2

048 050 052 054 0.56 0.58
Mole Fraction of Zr (x)

Fig.16 Mechanical Qm versus basic composition x at two effective vibration velocities v(=0.05
m/s and 0.5 m/s for Pb(ZrxTi]-x)O3 doped with 2.1 at.% of Fe.

Let us consider here the degradation mechanism of the mechanical quality factor Qm with
increasing vibration velocity. Figure 17 shows an important notion on heat generation from the
piezoelectric material.3) The damped and motional resistances, R4 and Ry, in the equivalent
electrical circuit of a PZT sample are separately plotted as a function of vibration velocity. Note
that Ry, mainly related to the mechanical loss, is insensitive to the vibration velocity, while Rq,
related to the dielectric loss, increases significantly around a certain critical vibration velocity.
Thus, the resonance loss at a small vibration velocity is mainly determined by the intrinsic




mechanical loss which provides a high mechanical quality factor Qm, and with increasing vibration
velocity, the intrinsic dielectric loss contribution significantly increases. After R4 exceeds Ry, we

started to observe heat generation. Thus, we can conclude that heat generation is caused mainly by
dielectric loss tan &’ (i. e. P-E hysteresis loss); this is not contradictory to the result in Section 4
where a high-voltage drive was conducted at an off-resonance frequency.

-4
RA (directly measured) &
= Rd + Bm \A‘
100 ™
g
-C
o
'g 30 .0 -0 -or
£
- Rm = wALA/QB
=)
(e
10 \
Rg =tan 8/wACd
3.0

0.03 . 01 0.3 1.0
Vibration Velocity vp (m/s)

Fig.17 Vibration velocity dependence of the resistances Rq and Ry in the equivalent electric
circuit for a PZT sample.

LOSSES AT RESONANCE AND ANTIRESONANCE MODES

We will consider the losses at the antiresonance frequency in comparison with the resonance
mode. The antiresonance mode is obtained at a frequency which provides the minimum value of
admittance Y, instead of zero of Y for the loss-free case. Taking an approximation technique on
Eq. (61) dround the antiresonance frequency @A, similar to the previous section, we obtain:

QA =@ALR2 v, AQ=Q - Qp (<<1). 74)
If k31 is not very large, the following relationship is obtained:
QA = 0ALY 2v = (1/2) (1 + (4/m2) k312) (5)

In the following approximation, however, this relation is not used, but we will neglect the higher
order of AQ and tan ¢’ in Eq. (61):




Y = joCq{1 + (k31 2/(1-k312)) tan[(QA+AQ) (1- j (1/2) tan¢’))/
(QA+AQ) (1- j (1/2) tand")]}. (76)

Taking into account

tan[(QA+AQ) (1-j (1/2) tand’)]
= [(QA2-K3,2A0+ j(1/2)QAtand’ K312]/ [(-K312- QAAQ) QA (1/2)QA tan¢’],  (77)

Y = joCqd [- (QA2+K312+K31HAQ - j(1/2)Qatand’ (242-K312-K314) /

- K312 Qa - (QA2+K312)AQ - j(1/12)Q4 tand’ (QA2- K312)], (78)
where
K312 = k3 2(1- k312 (79)

Then, YMIN can be obtained at AQ = 0:

ymin = ¢Cq (1/2) tand’ (Qa2- K312 - K314 /K312 (80)
2 YMin can be obtained at
AQ = (112) Qa tand’ (QAZ-K312-K31%) (Qa%+K312+K319). @81

Thus, mechanical quality factor at the antiresonance can be obtained as:
Q = Qa 240 = [(Qa2+K312+K3;/(QA2-K312-K31H)] (tang’) L. (82)

Since (QA2+K312+K314)/(QA2-K312-K314) is larger than 1, Qm can be verified to be larger
than Qp at the resonance (= (tanq)')'l). When k3 is small, using Eq. (75) and neglecting k3 14 or
higer orders, Q is approximated as

Q=(1 + (8/72) k312) (tan¢’)"1. (83)

Note that this Q is equal to the inverse value of the intrinsic mechanical loss, (tancp)‘l.

Figure 18 illustrates mechanical quality factors, QA, QB and the temperature rise for the
resonance (A-type) and the antiresonance (B-type) modes for a rectangular-shape har PZT resonator
plotted as a function of vibration velocity.4) The sample size is indicated in the figure (43 mm x

7 mm x 2 mm). Note that an “effective” vibration velocity vois a material’s constant independent
of the sample size, and is defined as V2 % f up,, where f is the resonance or antiresonance

frequency and U,y is the maximum vibration amplitude of the piezoelectric device.d) It is again
noteworthy that the mechanical quality factor decreases dramatically above a certain critical




vibration velocity (0.1 m/s), where a steep tempreature rise starts. We have suggested that the heat
generation is mainly attributed to a P-E hysteresis loss rather than the pure mechanical loss.!)
Note also that Qp is higher than QA over the entire vibration velocity range, and that the
temperature rise of the sample is less for the B-type resonance (antiresonance) than for the A-type
resonance for the same vibration level. This indicates an interesting idea that the antiresonance
mode should be superior to the conventional resomance mode, particularly for high power
applications such as ultrasonic motors. In a typical piezoelectric material with k31 around 30 %,

the plate edge is not a vibration nodal point and can generate a large vibration velocity.
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Fig.18 Vibration velocity dependence of the quality factor Q and temperature rise for both A
(resonance) and B (antiresonance) type resonances of a longitudinally vibrating PZT ceramic
transducer through transverse piezoelectric effect d37.

CONCLUSIONS
(1) Various techniques for measuring the electric, mechanical and piezoelectric coupling losses
separately have been discussed:

(@D vs. E, x vs. X, x vs. E and D vs. X curves for electric, mechanical and piezoelectric
losses

(b) heat generation at an off-resonance frequency for an extrinsic electrical loss

(c) resonance/antiresonance technique for intrinsic electric and extrinsic mechanical losses

By combining the above methods, we can investigate the loss mechanisms in practical
piezoelectric materials.

(2) Heat generation is caused mainly by dielectric loss tan & (i.e., P-E hysteresis loss), not by
mechanical loss. In order to suppress the temperature rise, a transducer design with larger surface
area is recommended (for example, a tube rather than a rod).

(3) A dramatical decrease in mechanical Qm with an increase of vibration level was observed

in resonant piezoelectric ceramic devices, and the data obtained by a conventional impedance
analyzer with a small voltage/power does not provide data relevant to high power materials.




(4) Since the mechanical quality factor QB at an antiresonance frequency is larger than QA at a
resonance frequency, the antiresonance mode seems to be superior to the conventional usage of the
resonance mode, particularly for high power applications such as ultrasonic motors.
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Lead zirconate titanate, Pb(Zr, Ti;_,)O3 [PZT] rhombohedral thin films with [001] orientation
were fabricated by sol-gel spin coating techniques. Using a methoxyethanol based precursor
solution and rapid thermal annealing at 700°C for 30 seconds, crack free and homogeneous
PZT thin films were successfully obtained. Preferred [001] oriented PZT thin films with
x = 0.80 showed a remanent polarization of 28 ]J.C/cm2 and a coercive field of 17 kV/cm.

Keywords: sol-gel processing; PZT thin films; MEMS

INTRODUCTION

Micro-electro-mechanical system (MEMS) technology is a promising new high
technology due to its wide range of applications for miniaturized sensors,
analytical equipment and optical components etc. Commercial applications for
MEMS now can be found in biomedical, manufacturing, information processing
and automotive fields. Ferroelectric thin films fit naturally into the burgeoning
field of MEMS, which combine Si-IC electronics with microsensors and
microactuators. PZT films are promising candidates for MEMS applications,
because of their strong piezoelectric behavior. To achieve high perfomance
MEMS devices, high quality, crack free, homogeneous PZT thin films with
excellent piezoelectric properties are desired. PZT thin films have been
prepared by various methods including rf sputtering (1 laser ablation ¥

metallo-organic decomposmon I and the sol-gel process 41 Sol-gel processing

[1071)/191
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of PZT thin films has gained much interest because of its (i) simplicity (ii) low
processing temperature (iii) chemical homogeneity and stoichiometry control
and (iv) ability to produce uniform film over a large area. The crystallization
and the texture development of sol-gel PZT thin films as a function of pyrolysis
and crystallization temperatures have been extensively investigated{5 I

Recently, one of the authors predicted theoretically that the maximum
values of piezoelectric ds3 constant and electromechanical coupling factor ki3
occur for the rhombohedral PZT compositions at angles 50-60° canted from the
spontaneous polarization direction [111], which correspond to the [001]
orientation [®). The [001] orientation is expected to enhance the piezoelectric
constant of PZT by more than 3 times of the [111] orientation. Thus, if [001]
oriented films with the rhombohedral phase could be produced, they would be
expected to have superior piezoelectric properties.

In view of the above, an éttempt is made here to fabricate highly [001]
oriented rthombohedral PZT (80/20) sol-gel thin films on Pt/Si substrates using a
methoxyethanol based precursor solution and rapid thermal annealing (RTA).
This paper describes the fabrication and the characteristics of [001] oriented,

rhombohedral PZT thin films using sol-gel and spin-coating techniques.

Experimental

A precursor solution of PZT (80/20) was prepared using the procedure reported
in our earlier work U"\. Figure 1 shows the flow chart for the fabrication of PZT
thin film. Initially, PZT precursor solution was spin-coated on Pt(111)/Si |
substrate (supplied by Nova Electronics Comp. USA). The thickness of Pt was
150nm. Spin coating was‘ done using a spin coater (P-6000, Integrated
Technologies, Acushnet, MA) operated at 3000 rpm for 30 seconds. Before
spin coating, the precursor solution was passed through 0.2 pm nylon filter
(Aldrich). Rapid pyrolysis of PZT gel films was achieved by placing on a hot

plate at 350°C for 10 mins in air. By repeating this process, multilayer

depositions (4 coatings)
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Spin coat PZT precursor solution on
substrate at 3000 rpm for 30 seconds

Repeat Coatings i

{?yrolyze at 350°C for 10 mins in airJ

jl

rAnneal at 700°C for 30 seconds in RTA j

[ Pervoskite PZT thin film ]

FIGURE 1. Flow chart for the fabrication of sol-gel PZT thin film

were performed to increase film thickness. These amorphous films were
subsequently converted to crystalline Pb(ZrggoTio20)03 by annealing at 700°C
for 30 seconds using rapid thermal annealing (RTA). Crystallization behavior of
the films was studied using X-ray diffractometer (Scintag model DMC 105)
with CuKa radiation. The P-E hysteresis curves of these films were measured

using a Radiant Technologies RT-66A Ferroelectric Tester.

Results and discussion

The PZT (80/20) thin films were first deposited on Pt(111)/Si substrates using
the sol-gel procedure mentioned above. Following pyrolysis of the fourth layer,
the amorphous film was rapidly annealed at 700°C for 30 seconds, yielding a
crystalline layer of 0.3um thickness. The film was crack free and homogenous.
Figure 2 shows the XRD pattern of the PZT film. This pattern indicates that the
film is a single phase PZT with a perovskite rhombohedral structure. However,
[001] and [002] reflections are relatively strong. That is, preferred [001]
oriented PZT film was obtained, even though Pt(111)/Si substrate was used.
This preferred [001] oriented PZT film was characterized in terms of its

polarization hysteresis loop.
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FIGURE 2. XRD pattern of PZT (80/20) film deposited on [I111] .

oriented Pt/Si substrate.
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FIGURE 3. Ferroelectric hysteresis loop of [001] oriented PZT (80/20)
thin film.
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The result is shown in figure 3. The film showed well saturated hysteresis loop
with a remanent polarization of 28 ;,LC/c:m2 and a coercive field of 17 kV/em
comparable with PZT bulk ceramics. Further work related to the fabrication of
[001] and [111] oriented rthombohedral PZT films and the comparison of their

ferroelectric and piezoelectric properties will be explored in the future.

Conclusions
Crack free, homogeneous PZT (80/20) thin films were fabricated on Pt(111)/Si

substrates by sol-gel and spin-coating technologies. The films were annealed at
700°C for 30 seconds using RTA. Films were found to have preferred [001]
orientation. These films showed a remanent polarization of 28 pC/cm2 and a

coercive field of 17 kV/cm.
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ABSTRACT

Highly (100) and (111) oriented lead zirconium titanate (PZT) thin films have been
grown by using reactive rf-sputtering. PZT thin films with rhombohedral composition have been
grown in different orientations using selective rapid thermal annealing cycles. The polarization
versus electric field curves and the resistivity of the films were measured using a standardized
RT66A ferroelectric test system. The dielectric constant and the loss were determined using an
impedence analyzer. The PZT(100) oriented films showed larger dielectric constant and loss than
the PZT(111) films. The PZT(100) films possessed sharper square-like hysteresis loops
compared to the PZT(111) films, as expected from our phenomenological calculations.

INTRODUCTION

Rooted in early research on materials and processes for the emerging field of integrated
circuits in the late 1960’s, there has been significant progress in the area of
microelectromechanical systems(MEMS) in the past two decades[1,2]. During the past few years
there has been an explosion of interest in MEMS, which has become a critical technology in the
growth of various fields like medical, automotive, chemical, and space technology. PZT thin
films hold great potential as actuator materials in MEMS devices[3]. Explicit knowledge of the
dielectric and piezoelectric properties of PZT thin films at different crystal orientations needs to
be investigated to enhance its performance and hence meet the challenging requirements of the
MEMS industry.

Our group has previously reported theoretical calculations based on the phenomenological
consideration of the crystal orientation dependence of the dielectric and piezoelectric properties
in PZT thin films[4]. We have reported that for PZT 60/40 in the thombohedral region of the
phase diagram, the electric field induced polarization hysteresis loops are expected to be sharper
and square-like for PZT(100) when compared to the smoother and slanted loops for PZT(111).
The piezoelectric property dependence on crystal orientation has also been reported. Changing
the crystal orientation dramatlcally enhances the effective pxezoelectnc constant d33. Figure 1
shows the change in ds;® w1th crystal orientation. Figure 2 gives the schematic explanation for
this expectation. The d;°T value is three times larger for the [001] direction compared to that of
the [111] direction. In the rhombohedral phase there are 8 possible polarization directions.
Considering the (111) oriented films, the possible polarization directions 2,3, and 4 are
equivalent and are about 70.5° away from the spontaneous polarization direction 1. The other
possible directions are 6,7,8 and 5. When the electric field of a completely poled sample along
axis 5, the polarization gets reversed, the polarization reversal has various possibilities 5-1; 5-
(2,3,4), 5-(6,7,8); 5-(6,7,8)-1; 5-(6,7,8)-(2,3,4); 5-(2,3,4)-1 etc., hence the reverse segments in
the polarization curves are inclined. In the (100) film, there are two sets of equivalent directions,
(1,2,3,4) and (5,6,7,8). The polarization directions are 54.7° away from the normal of the film,
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piezoelectric ds; constant [4] (a) Piezoelectric ds; of
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when the electric field E; is switched from positive to negative, the domains along 1,2,3,4 are
reversed at the same time leading to abrupt polarization reversal. Theoretically the remnant
polarization of the (100) films is expected to be 1/v/3 times that of (111) oriented films, a similar
magnitude of the remnant polarization is expected due to the square-like hysteresis behavior of
the (100) oriented films. Accordingly, we can expect an ideal strain curve like a butterfly
hysteresis. Based on the above background we are investigating highly oriented PZT thin films
in various crystal orientations. In this paper, the fabrication process and the dielectric property
dependence of highly oriented PZT thin films will be discussed.

EXPERIMENTATION

PZT thin films were deposited by reactive rf-sputtering using multielement metallic
targets of lead, zirconium and titanium. A 3" circular target was made using individual wedges of
the Pb, Zr and Ti. The target composition(Pb:Zr:Ti::4:8:9) was adjusted so as to fabricate a
rhombohedral composition of PZT(70/30). Substrates used were highly (111) oriented platinum
coated SiO,/Si wafers. All the substrates were thoroughly cleaned with isopropyl alcohol and
rinsed in deionized water prior to film deposition. The substrates were clamped to a stainless
steel holder and heated by quartz lamps to 450°C. The rf-sputtering system(Anelva SPC-350)
was evacuated to a base pressure of 1x10™ Pa, the films were grown at 20 mTorr pressure with
A1/O, ratio at 50/50. The films were grown at rf-power of 150 watts at a deposition rate of 0.1
pm/hr. The as-deposited films were amorphous with some microcrystallization of the perovskite
phase, annealed using rapid thermal annealing(RTA). The structural characterization of the films
was made by X-ray diffraction using the Cu Ka radiation. For electrical characterization, the
crystallized films were coated with 150 nm thick platinum top electrodes by dc sputtering using a
shadow mask; the electrode area used was 2.38x10° — 1.77x10" cm® The polarization versus




electric field hysteresis loop, the quasi-static capacitance-voltage measurements, and the
resistivity measurements were made using RT66A standardized hysteresis tester(Radiant
Technologies). The quasi-static C-V measurements were made using the RT66A hysteresis tester
at a frequency of 60 Hz. The dielectric constant and loss factor were measured as a function of
frequency using an impedence analyzer(HP4192) in the frequency range between 10 Hz and 1
MHz.

Fig 2. Possible spontaneous polarization
directions[4] (a) (111) oriented films (b) (001)
oriented films.

(@ ()

RESULTS AND DISCUSSION

The XRD patterns of the annealed films are shown in Fig.3. The XRD patterns indicate
that highly oriented PZT(100) and PZT(111) films have been fabricated. The degree of crystal
orientation was calculated from the integrated intensity of the PZT(111) and PZT(100) peaks and
can be expressed as Intgqy= I(111)/I(111) + I(100)]. The degree of crystal orientation obtained
for Int; 1y was > 98% and that for Int0) Was > 95%. The deposited films were annealed using a
rapid thermal annealing(RTA) at different rates so as to crystallize the films to (100)/(11 1)
perovskite structure. The crystal orientation of the substrate is critical in obtaining the desired
orientation of the PZT films[5,6]. Highly oriented PZT(111) films can be easily grown on
Pt(111)/SiO2/Si, but obtaining PZT(100) oriented film on Pt(111)/SiO2/Si substrate has not been
widely reported[7,8]. The surface enmergy for the PZT(111) orientation is lower on
Pt(111)/Si02/Si as compared to that for PZT(100), hence the growth of PZT(111) is kinetically

PZT(111 .
PZT(100) (1) PZT(200)

Pyl11)

Counts(arbitrary units)

J L JW Fig. 3. XRD pattern of highly oriented PZT(111)
] \ and PZT(100) on Pt(111)/SiOy/Si in the

=~ rhombohedral composition 70/30 annealed using

S e rapid thermal annealing(RTA).




However PZT(100) growth plane has the lowest activation energy for nucleation, and in
the absence of any microcrystallization of pyrochlore phase, the nucleation of (100) orientation is
easier and subsequent growth of the (100) plane is favored. Figure.4 shows the selective rapid
thermal annealing(RTA) cycles for obtaining PZT(100) and PZT(111) on the same
Pt(111)/Si0,/Si substrate.
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The electrical characterization of the films was made after making the top electrodes of
platinum by dc sputtering using shadow masks. The dielectric constant and the loss factors are
shown in fig.5 as a function of frequency for both the (111) and the (100) films. The films were
poled with an electric field of 150 kV/cm for 30 minutes and then aged for an hour prior to
measuring the dielectric constant at an oscillating ac frequency of 0.01 V. The dielectric constant
and the loss factors are shown in Table 1, PZT(100) possess a larger dielectric constant and loss
values compared to PZT(111). The loss values for the PZT(100) were in the range 0.03-0.035
and were larger than those for PZT(111) films which ranged from 0.02-0.03 at a frequency of 1
kHz. Figure 6 (a) and (b) show the P-E hysteresis loops and the quasi-static C-V curves(which is
equivalent to the derivative of the P-E curves) for both PZT(111) and PZT(100) films.
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Fig. 5. Dielectric constant and loss
factors versus frequency at an
800 «l 0.015 oscillating voltage of 0.01 V for 1

10° 10" pm thick PZT(111)YPt/SiO/Si and
Freq Hz PZT(100)/PV/SiO»/Si
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PZT(111) and PZT(100) 1 pum thick films.

The saturation polarization values for PZT(111) oriented films are larger than those for
the PZT(100) oriented films by a factor of V3 as proposed by theoretical calculation[4]. The
coercive field is smaller for the (100) films when compared to (111) films. From fig.7 it can be
seen that there is an abrupt saturation of the coercive field value in PZT(100) films at an applied
field of 150 kV/cm whereas the saturation is gradual in (111) films until breakdown. The
polarization curve in the case of PZT(100) is abrupt and square-like and is relatively smooth in
the case of PZT(111). This result is expected from our theoretical calculation. Figure 6(b) shows
the C-V loops for PZT(100) and PZT(111). The (100) films have a higher maximum than the
(111) films, which indicates that domain switching occurs readily near the coercive field for the
(100) films. The (100) films have sharper peaks compared to the broader peaks for the (111)

films.
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Table 1 summarizes the dielectric constant, loss, coercive field, spontaneous polarization and
remnant polarization for the PZT(100) and PZT(111) films. The piezoelectric characterization of

the films is currently underway.

- Table 1. Dielectric properties of PZT(111) and PZT(100) oriented films on Pt/Si02/Si.

Property | Dielectric Dielectric loss | Spontaneous | Remnant Coercive
Constant factor @ 1 kHz | Polarization | polarization | Field
(pClem’) | (uClem’) | (KV/em)
PZT(111) | 900 .025 55 25 65
PZT(100) | 1050 .035 28 20 35
CONCLUSIONS

Highly oriented PZT(100) and PZT(111) thin films have been grown by reactive rf
magnetron sputtering using muitielemental metallic targets. The crystal orientation dependence
of the dielectric properties of PZT(111) and PZT(100) on Pt/SiO,/Si substrates has been
investigated to compare the results with the reported theoretical calculation for PZT thin films.
The dielectric constant and loss for PZT(100) were found to be larger than those for PZT(111).
The P-E hysteresis loops and the C-V loops were found to be sharper for the (100) than for (111)
indicating that the domain wall movement in (100) films occurs simultaneously at a particular
field compared to the gradual switching of the (111) oriented films. The saturation polarization
for PZT(111) is about 1/4/3 times larger than that for PZT(100). The experimental observation
seems to have good agreement with the reported theoretical calculations made for PZT thin films
based on the phenomenology.
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A pneumatic pressure rig was designed to measure the effective di3 coefficient of thin film
piezoelectrics by applying a known stress and monitoring the induced charge. It was found that the
stress state imposed included components both perpendicular and parallel to the film plane. The later
were due to friction and could largely be relieved through sliding of the O-rings to their equilibrium
positions for a given pressure. The induced charge stabilized as equilibrium was reached and most
of it was produced by the normal component of the stress. By minimizing the surface friction and
compensating for the remnant in-plane stress, very good agreement was obtained among the ds;
values measured by the Berlincourt method, double-beam interferometry and this method for a bulk
lead zirconate titanate (PZT) sample. The ds; value of PZT thin films made by sol-gel processing
was also measured. The as deposited films usually showed very weak piezoelectricity with dj;
values ranging from 0 to 10 pC/N, indicating little pre-existing alignment of the domains. With
increasing poling field, the ds3 value also increased and saturated at poling fields exceeding three
times the coercive field. Typically, films with thicknesses around 1 um had d3; values of 100 pC/N.
Good agreement between double-beam interferometry and this technique was also obtained for thin
films. The small difference between the two measurements is attributed to the effect of mechanical

1 JULY 1999

boundary conditions on the effective d3; coefficient.

[S0021-8979(99)05813-2]

I. INTRODUCTION

There has been a great deal of interest paid to the design
and fabrication of microelectromechanical systems (MEMS)
in recent years. Micromechanical actuators based on piezo-
electricity are particularly attractive due to the high energy
densities, and high-transmitted forces and torques which can
be achieved.!? Piezoelectric devices such as sensors and ac-
tuators can be fabricated at low cost using silicon technology
designed for integrated circuits. A variety of applications for
piezoelectric thin films integrated on silicon substrates, in-
cluding micromotors,>* accelerometers, and microsonar
arrays,5 have been described.

For the design of miniature sensors and actuators, it is
desirable to have a comprehensive knowledge of material
properties such as the elastic and piezoelectric constants.
However, for piezoelectric thin films, reliable measurements
of the piezoelectric coefficients are still not widely available.
Due to the constraints imposed by the substrate, the piezo-
electric coefficients of thin films cannot be directly measured
through standard resonance methods,® thus static or quasi-
static methods have to be used. These methods can be cat-
egorized by whether the direct piezoelectric effect, i.e., ap-
plying a stress and measuring the induced charge, or the
converse piezoelectric effect, i.e., applying a voltage and
measuring the induced elongation, is used. It should be
pointed out that in these measurements, the ratio between
charge and stress (or strain and voltage) does not represent
the piezoelectric coefficient of the free sample, but an effec-
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tive coefficient since the film is clamped to the substrate.
For converse measurements of the effective d33, the lon-
gitudinal elongation of the film is on the order of 0.1-100 A
due to the small film thickness (~um). Laser interferometry
has been used to measure these displacements.7'8 Although
reasonable values of effective d; have been reported for
both single-beam and double-beam interferometer
systems,”'? reliable measurement using a single-beam instru-
ment is very difficult because of both bending and backside
motion of the sample.'®!! Double-beam interferometry is
able to measure the film dilatation accurately by eliminating
the influence of substrate motion (including bending), but it
requires a more sophisticated optical system and the mea-
surement is strongly influenced by the optical alignment.
On the other hand, although the direct piezoelectric ef-
fect has been widely used in determining d3; for bulk piezo-

- electric materials, little success has been achieved for piezo-

electric thin films. The major obstacle which prevents this
kind of measurement for thin films is believed to be the
simultaneous bending of the sample when force is applied
perpendicular to the film plane to produce a uniaxial stress.
In a thin film sample, a very thin layer of piezoelectric ma-
terial is rigidly clamped to a much thicker substrate. As a
result, even a small substrate bending can generate very large
biaxial stresses in the piezoelectric thin film, which in turn
produces a large amount of electrical charge through the
transverse piezoelectric effect. This makes the accurate mea-
surement of the charge induced by the applied uniaxial stress
very difficult. Another problem for thin film d3; measure-
ments is that the small thickness of the sample makes stress
alignment very difficult.

© 1999 American Institute of Physics
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FIG. 1. Schematic drawing of the experimental setup for d3; measurement.

In this article, a pneumatic pressure rig designed to apply
a uniaxial stress to piezoelectric thin films is described. The
piezoelectric charge response of both bulk and thin film lead
zirconate titanate (PZT) samples due to the applied stress
was studied over the pressure range from O to 1.2 MPa. It
was found that a component of in-plane stress led to inflated
ds3 values in both bulk and thin film samples. A measure-
ment procedure which eliminated the error by self-
compensating the remnant in-plane stress was then devel-
oped.

Il. EXPERIMENTAL PROCEDURE

The experimental setup developed in this work is shown
schematically in Fig. 1. There were two major parts of this
setup: a pneumatic pressure rig which was designed to apply
a uniform uniaxial stress to the tested sample and a charge
integrator. The stress rig consisted of two identical aluminum
components machined with cavities 1 cm in diameter. The
sample was placed between the aluminum fixtures with cavi-
ties both above and beneath it. The two cavities were con-
nected so that the pressure inside them was always equal.
O-rings were used on both sides of the sample for sealing.
To reduce the surface friction, Parker O-lube lubricant was
applied between the O-ring and the sample. By introducing
high-pressure nitrogen gas into these cavities simuitaneously,
forces were imposed which acted uniformly and equally on
both sides of the sample, thus a uniform uniaxial compres-
sive stress was applied to it. Similarly, releasing the pneu-
matic pressure resulted in a uniaxial stress of opposite sign.
The pressure inside the two cavities was measured using
Omega PX602 pressure transducers. The pressure applied in
this experiment was in the range from 0 to 1.2 MPa. Because
the applied force was balanced everywhere across the faces
of the sample, the application of pneumatic pressure would
not bend the sample even if it had an initial curvature due to
the thermal expansion coefficient mismatch between the pi-
ezoelectric film and the substrate. Another advantage of us-
ing pneumatic pressure is that a uniaxial stress can be ob-
tained without the need to align the stress rig, even though
the film thickness is much smaller than the lateral dimension
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of the sample. Unlike the normal load method, because there
is no solid contact between the sample surface and the gas,
uniform stress can be produced easily on a sample with non-
flat surfaces (which is usually the case for piezoelectric thin
films due to the finite thickness of the top electrode).

The induced charge produced upon applying or releasing
pressurized gas was collected using a charge integratorl2
which converted the collected charge into a variation of volt-
age on a capacitor of known size placed in series with the
stressed sample. Since the circuit was in virtual ground
mode, the voltage between the two electrodes of the sample
was always zero, so that almost all the induced charge was
driven to the capacitor. The voltage output from the charge
integrator was monitored in real time using a Hewlett Pack-
ard 54600A oscilloscope.

The piezoelectric coefficient d3; (bulk material) or effec-
tive ds; (thin film) was calculated using the following equa-
tion:

d33=3D3/(9T3=AQ/(AP*A), (1)

where D5 and T4 are the electrical displacement and me-
chanical stress in thickness direction, AP is the change of the
cavity pressure, AQ is the measured electric charge induced
by that pressure change, and A is the area of the electrode.
The charge response of both a PZT bulk ceramic sample
and PZT thin films were investigated in this work. The bulk
ceramic studied was a piece of PZT-5A which was 25 mm

" by 25 mm by 2 mm in size and polished with 1 um alumina

powder on both sides. A thin layer of Pt was sputtered on
one entire face for the bottom electrode. On the other side, a
7.5 mm diameter top electrode was also formed with sput-
tered Pt. The sample was then poled at 100°C for 10 min
under an electric field of 20 kV/cm. PZT thin films were
prepared by the sol-gel method. The procedure for the prepa-
ration of the sol-gel films can be found elsewhere.”* The
substrate used was platinum-coated, oxidized silicon wafer
with a thin titanium adhesion layer. The composition of the
film was Pb(Tip4sZrgs2)O03, Which is at the morphotropic
phase boundary. Top electrodes were formed by sputtering a
thin platinum layer through a shadow mask with an array of
1.6 mm diameter holes. The back of the sample was polished
with 1 um alumina powder. Air dry silver epoxy was used to
contact the top and bottom electrodes of the thin film capaci-
tor. Poling was performed at room temperature.

The double-beam interferometer measurements of di3
for both bulk and thin film PZT samples were made using a
system described elsewhere.”® A ZJ-2 piezoelectric dj;
meter (Institute of Acoustics, Academia Sinica) was also
used to measure the ds; value of the bulk PZT sample. The
dielectric constant and loss factor were measured using an
HP4192 LCR meter, and the ferroelectric hysteresis loop was
measured using a RT66A ferroelectrics tester (Radiant Tech-
nologies).
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FIG. 2. Charge response of the bulk PZT sample to applied pneumatic
pressure.

{ll. RESULTS AND DISCUSSION

A. Measurements on bulk PZT

1. Charge response and stress analysis

The charge response of the bulk PZT sample upon ap-
plying and releasing pressure was investigated first to study
the stress state induced by pneumatic pressure. As shown in
Fig. 2, when pressurized gas was introduced into the rig, the
induced charge quickly reached a maximum, followed by a
continuous asymptotic decrease, until it stabilized after about
90 s. The measured pressure in both cavities was equal and
constant throughout the signal stabilization. The signal mea-
sured after releasing pressure was very similar to the signal
on applying pressure, and the final values of the signal at
stabilization were almost equal in magnitude, though oppo-
site in sign. It should be emphasized here that the variation
of the measured induced charge was not due to the leakage
either from the PZT sample or the electronics. This was veri-
fied by applying a constant normal load to this sample. A
step signal was indeed obtained, as expected. This result in-
dicated that the time dependence of the induced charge ob-
served on the oscilloscope was caused by some kind of
change in the stress applied to the PZT sample. Since the
pressure was constant inside the cavities, there was no
change in the stress which was perpendicular to the sample
plane. Obviously the pneumatic pressure also generated an
additional stress component, and this stress was time depen-
dent.

We have demonstrated that the in-plane stress induced
by friction between the O-ring and the sample surface was
the origin of the above observation.’* The friction arises
when there is a pressure change introduced into the cavities.
Increasing the pressure increases the force acting on the
O-ring parallel to the surface and pushes the O-rings out-
wards. This force generates surface friction on both sides of
the sample, so that an equivalent tensile in-plane stress is
created. The in-plane stress decreases over time as the pneu-
matic pressure acting on the O-ring leads to O-ring sliding.
O-ring sliding reduces the net force acting on the O-ring by
creating a restoring force via deformation. Eventually the
in-plane stress stabilizes as a force balance on the O-ring is
reached. The net result is that in addition to the desired com-
pressive stress normal to the wafer surface created by pres-
surizing the cavities, remnant tensile in-plane stress is also
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produced by the pneumatic pressure at the steady state. For
the same reason, a compressive in-plane stress arises when
pressure is released from the cavity, since the unbalanced
O-ring restoring forces cause the O-rings to slide back to-
wards their original positions. Since d3; and d33 have oppo-
site signs in PZT, the piezoelectric charges induced by the
normal component of the stress and the in-plane stresses add
to each other. With the decrease in the in-plane stress over
time, the total amount of induced charge also decreases. Fi-
nally, at steady state, both stresses are constant and the signal
no longer changes with time. At this point, the in-plane stress
was at its minimum since a majority of it had been released
through O-ring deformation or recovery. Since the induced
charge measured at this stage contains the smallest signal
induced by the in-plane stress component, it was used to
approximate the d3; coefficient using Eq. 0.

2. Remnant in-plane stress analysis

To evaluate the remnant in-plane stress level at stabili-
zation and the error in the calculated d3; introduced by that
stress, a calibration was done by comparing the calculated
d3 values with values measured by other techniques. A bulk
PZT ceramic sample measured using the Berlincourt method
and double beam interferometry gave d33 values of 305 and
302 pC/N, respectively, indicating a very good agreement
between these two techniques. However, the calculated ds;
from the pneumatic pressure method was always larger than
those values, showing an appreciable amount of remnant in-
plane stress present at stabilization. Depending on the experi-
mental conditions which controlled the in-plane stress, the
calculated d43 values were about 3%-10% larger than those
measured by the other two techniques. To eliminate this er-
ror, a detailed investigation was made on both the factors
which controlled the magnitude of the remnant in-plane
stress as well as how to reduce it by optimizing the design of

the pressure rig and the measurement procedure.

Since the frictional force is given by F=uN, where u is
the friction coefficient between the two surfaces and N is the
force parallel to the surface, any factor which influences u or
N affects the friction. In our experiments, the following fac-
tors were found to be particularly important in friction con-
trol: the O-ring compression (i.e., the percentage reduction in
dimension in the clamping direction), lubrication, sample
surface roughness, the O-ring cross-sectional area and the
O-ring hardness. Figure 3 shows how the measured pressure-
induced charge was affected by O-ring compression. The
results indicated that the remnant in-plane stress dropped
with decreasing O-ring compression. This was due to a
smaller 2 when the O-ring was less clamped. Therefore very
small O-ring compression was favorable in this application,
especially since a little leakage of gas from the cavities is
permitted. Since rubber has an inherently high friction coef-
ficient with almost all metallic and nonmetallic surfaces, ad-
equate lubrication is very important, especially for pneu-
matic seal applications. A good lubricant can form a strong
film on the sample surface which the O-ring cannot wipe
away, thus reducing the friction coefficient. It was found in
our experiment that the friction was greatly reduced by the
application of lubricant, and reliable measurements were ob-
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FIG. 3. Effect of O-ring compression on measured pressure-induced charge.
O-ring compression was calculated as (do—d)/do. where dy is its original
diameter and d,. is the dimension in the clamped direction. The error in the
calculated d;, was estimated by comparing the calculated d3; value with
that measured by Berlincourt meter.

tained only when the sample was properly lubricated. Fric-
tion was also reduced by polishing the sample surfaces using
1 xm alumina powder. The smoother the surface, the smaller
the remanent in-plane stress. Smaller remnant in-plane
stresses were also obtained when an O-ring with a smaller
cross-sectional area was used, since this reduced the pneu-
matic force acted on it. The reduction of friction through use
of a harder O-ring is due to its smaller friction coefficient.

Under the best experimental conditions used to reduce
the in-plane stress component, the d3; value calculated from
the measured pressure-induced charge exceeded that mea-
sured by Berlincourt meter and interferometry by about 3%
4%. This suggests that the error in a d3; coefficient derived
from this measurement would be under 5%. However, this
optimized condition was not always readily achievable. As a
result, there was a relatively larger scatter in the derived dj3
value, and sometimes errors as large as 10%-15% were ob-
served.

3. Self-compensation of remnant in-plane stress

To further improve the accuracy of the d3; measurement
and more importantly, the reliability of this charge-pressure
measurement technique, a measurement procedure for rem-
nant in-plane stress self-compensation (RIPSSC) was devel-
oped. In this method, the charge contribution from the in-
plane stress induced charge could be totally eliminated by
manipulating the remnant stress levels. Figure 4 shows sche-
matically how this method works.

In the previous section, where the induced charge was
measured during switching the pressure between P=0 and
P=P, [Fig. 4(a)], the remnant in-plane stress at the two
steady states were of opposite sign. The change in in-plane
stress between the two measurement states is fundamentally
responsible for the inflated d3; values. The idea of the
RIPSSC method is to tailor the remnant in-plane stress so
that they are of the same sign and magnitude in the two
steady states. If this is achieved, then there will be no change
in in-plane stress between the two steady states. The induced
charge is then only that due to the normal component of the
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FIG. 4. Remnant in-plane stress produced by pneumatic pressure during (a)
procedure in which pressure was switched between 0 and P, (b) procedure
with a remnant in-plane stress self-compensation mechanism.

stress, and accurate ds; values can be obtained. One way to
reach this condition is to preload the cavities with a pressure
P=P, which is higher than P; and then reduce the pressure
to P=P, [Fig. 4(b)]. By doing so, a compressive remnant
in-plane stress was imposed on the sample due to the O-ring
recovery. After stabilization, the pressure is then released to
P=0 and the induced charge is measured between the steady
states at P= P, and P=0.

The dependence of the remnant in-plane stress at P on
the preloading level P, was investigated for the purpose of
controlling the magnitude of the remnant in-plane stress. Fig-
ure 5 shows that the induced charge measured between
P=P, and P=0 decreased with an increase in the preload-
ing pressure (i.e., as P, increased). If Q' is the charge which
is due to the normal component of the stress (calculated us-
ing the di; value obtained from the Berlincourt measure-
ment), then the measured charge Q was equal to Q' when the
preloading pressure P, was about two times the value of P,.
This indicates that the remnant in-plane stress at P, can be
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evaluated using the J5; value measured by Berlincourt meter.

controlled by the preloading pressure P,, and the remnant
in-plane stress level is controlled mainly by the pressure
change between the two steady states. This is reasonable
since the friction is proportional to the pressure change.
Thus, one might expect that the remnant in-plane stress due
to the friction would also be proportional to the change of
pressure.

Using the RIPSSC method, a linear relationship between
the induced charge and the applied pressure was obtained
(see Fig. 6). ds; for the bulk PZT-5A ceramic sample derived
from the slope of the curve was 304 pC/N, which was in very
good agreement with the value obtained by both the Berlin-
court method and interferometry, indicating that the influ-
ence of surface friction on the d3; measurement was elimi-
nated by the RIPSSC method.

In addition to enhancing the measurement accuracy, the
RIPSSC method also made the d3; measurement much less
sensitive to variations in the remnant in-plane stress. Figure
7 shows the influence of the O-ring compression on the mea-
surement results with and without remnant in-plane stress
self compensation. In this experiment, very large compres-
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FIG. 6. Charge induced in a bulk PZT-5A ceramic specimen as a function of
applied pressure. Measurements were made with the remnant in-plane stress
self-compensation method.
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FIG. 7. Influence of O-ring compression on the measure d3; coefficient of
bulk PZT-5A. The effectiveness of stress compensation is clear.

sions (which were not used in actual d3; measurements) were
intentionally applied to the O-rings. As the O-ring compres-
sion increased, friction increased and so did the remnant in-
plane stress, as indicated by a considerable increase (15%) in
the calculated d; value when the RIPSSC method was not
employed. On the other hand, there was only a 2% variation
in the measured d5; value from zero compression up to 17%
compression when the RIPSSC method was used. Practi-
cally, this is very important in the routine application of the
technique, making the measurements much more consistent
and the measurement procedure much more convenient.

B. Measurement on PZT thin films

The charge response of PZT thin films as the cavity pres-
sure was changed was very similar to that observed in bulk
samples (Fig. 2), indicating that the stress state applied to the
thin film was the same as that for the bulk sample. Using the
RIPSSC method described in the previous section, the d33
coefficient of several PZT thin films was measured. Figure 8
shows the induced charge as a function of the pressure
change for a 1 um PZT film poled at 150 kV/cm for 1 min.
The relative dielectric constant and the remanent polarization
of the film were 930 and 22 uC/cm?, respectively. From the
slope of the line, the effective d3; value of the thin film was
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FIG. 8. Induced charge as a function of pressure change for a 1 um PZT
film poled at 150 kV/cm for | min.
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TABLE 1. Elastic properties of PZT film and silicon substrate (see Refs. 16 and 17).

Sfl PZT SIEZ PZT Sf.‘l PZT YSi(lOO) YSi(llD) Ya\'e
(1077 m¥N) (10712 m¥N) (107" m¥N)  (GPa)  (GPa) (GPa) wsiion) sy Vaw
13.8 -4.07 -5.80 130 1695 1497 028 0064 O0.I72

calculated to be 88 pC/N. Again a 7% error in the effective
d3 value occurred when the RIPSSC method was not used.

Since double-beam interferometry is currently the most
widely accepted technique for thin film d3; measurement and
most of the d33 values reported in the literature were mea-
sured by that method, a direct comparison between the d3;
value from our method and interferometry is necessary. The
same electrode used for the data in Fig. 8 was measured
using double beam interferometry. An effective ds3 value of
84 pC/N was obtained. Again the two techniques gave very
close d3; values, further confirming the validity of the charge
measurement technique.

Given the fact that the RIPSSC method and interferom-
etry yielded almost the same dj; value for a bulk PZT
sample, it is our belief that the small difference in the d;
values obtained for the thin film was due to the different
boundary conditions under which the two measurements
were made. As was mentioned before, thin film piezoelectric
measurements yield an effective value of the piezoelectric
coefficient, due to the clamping effect of the substrate. The
effective ds; value of a thin film on a substrate is related to
the unclamped d3; value via the elastic and piezoelectric
constants of the film and the substrate in a manner which
depends on the boundary conditions. Since the boundary
conditions for the direct piezoelectric measurement used here
and a converse piezoelectric measurement such as interfer-
ometry are quite different, different effective d3; values are
expected even when the same film is measured by the two
techniques. Lefki and Dormans analyzed the boundary con-
ditions for these two situations and predicted that the effec-
tive value given by the direct piezoelectric effect should be
larger than the effective value given by the converse piezo-
electric effect.’® Our results agree with this prediction and
are the first direct experimental observation of the influence
of boundary conditions on the effective d3; of piezoelectric
thin films.

To quantitatively evaluate the difference in the effective
ds; measured by direct and converse methods, the model
developed by Lefki and Dormans was adopted as a first ap-
proximation. In this model, the in-plane strain of the film
was taken to be zero (assuming the film was totally clamped
in-plane by the substrate) for the converse piezoelectric mea-
surement, and it was equal to the in-plane strain of the sub-
strate (assuming the substrate was free to expand and isotro-
pic) for the direct piezoelectric measurement. The effective
ds; for these two boundary conditions are given by??

dés(CP)=d33“2d315153/(5f1+sf2)’ 2
diy(dp)=dy3—2d3 (s5+ V1Y) (sT)+5T,). 3)

Here dj;(cp) and di;(dp) represent the effective d3; mea-
sured by the converse and direct piezoelectric effect, respec-

tively, sf‘;- and d;; are the compliances and piezoelectric co-
efficients of the thin film, and Y and v are Young’s modulus
and Poisson’s ratio of the substrate. Because of the lack of
compliance data for PZT thin films in the literature, data for
an undoped bulk PZT ceramic with the same Zr/Ti ratio was
used as an approximation.16 For the calculation, the Young’s
modulus and Poisson’s ratio of the substrate were taken as
the average of the values in the {100} direction and (110}
direction, which are the maximum and minimum in-plane
values for a (100) silicon wafer.!” Table I gives the values
used for this work. Substituting them into Egs. (2) and (3)

yields:

diy(cp)=ds+1.19d3, 4)

di3(dp)=d33+0.96dy, . ®)
Subtracting Eq. (4) from Eq. (5) yields

d(dp)—dy(cp)=—023dy;. (6

Since the typical d3; value for these PZT films was around
—40to —50 pC/N 18 the difference in effective d; measured
by direct piezoelectric effect and converse piezoelectric ef-
fect was estimated to be around 9-10 pC/N using Eq. (6).

However, in the real measurements, the boundary condi-
tions deviate somewhat from the conditions used in the
above model. Experimental results from single beam inter-
ferometry measurements indicate that the substrate is bent by
the piezoelectric thin film during electrical excitation,'®!!
making the assumption that the in-plane strain was zero dur-
ing the converse piezoelectric measurement invalid. In addi-
tion, during the direct piezoelectric measurement the sub-
strate was not free to expand parallel to the plane because the
periphery of the substrate was not subjected to the pneumatic
pressure. Thus, the model represents two extremes for the
boundary conditions and gives a maximum for the difference
in effective ds3. The discrepancies between the measure-
ments for the two techniques should and do fit between these
bounds.

Kholkin et al. also used the above model to explain the
difference between the ds3 coefficients of bulk ceramic and
thin film in PZT and Ca-modified lead titanate (PCT).19 The
ds; coefficient was significantly smaller in PZT thin films
than that in PZT ceramics with the same composition, while
in PCT, thin films and bulk material gave very similar d3;
values. This was attributed to the effect of the boundary con-
ditions on the di3 coefficient obtained in a converse piezo-
electric measurement. For thin films, the effective d3; value
is related to both the unclamped d; and d3; of the piezoelec-
tric material in a way similar to what is described in Eq. (4).
However, PCT is a very anisotropic material and its d3;3 co-
efficient is about 20 times larger than the ds; coefficient.
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Therefore, the difference in the unclamped d33 and the effec-
tive d+; in PCT is negligible, while it is significant in PZT
due to the larger dy;.

In this work the d33 of the as-deposited PZT thin films
was also measured and values between 0 and 10 pC/N were
obtained. This result indicated that there was little or no pre-
existing alignment of the domains in the as-deposited films
although all the films had strong preferred crystallographic
orientation.'* The dependence of the induced charge on the
poling field was studied using another 1um PZT film with
(111) preferred orientation (Fig.9). The coercive field of this
sample was about 35 kV/cm. As expected, a considerable
increase of the induced charge was observed when the poling
field exceeded the coercive field of the film. It started to
saturate at a poling field of about three times the coercive
field. Poling in the opposite direction led to a reversal in the
sign of the induced charge, but the d3; value was almost the
same for the two poling directions.

IV. CONCLUSIONS

(1) A measurement technique which could accurately
measure the dj; value of bulk and thin film piezoelectric
materials was developed. Good agreement among this tech-
nique, the Berlincourt method and double beam interferom-
etry was obtained.

(2) Surface friction between the sample and O-ring
was the major source of error. By optimizing the design and
operation of the pressure system, error from the surface fric-
tion could be reduced to less than 5%.

(3) The measurement error can be eliminated using the
RIPSSC method and an accurate d3; value could be obtained
even if there was an appreciable amount of friction present.

Xu, Chu, and Trolier-McKinstry

(4) As-deposited sol-gel 52/48 PZT thin films showed
very weak piezoelectricity with a dj; value less than 10
pC/N. The d;; value increased with poling field and satu-
rated when the poling field exceeded three times the coercive
field. Typical d,; values at saturation for 1 um films were
about 100 pC/N.

(5) A direct comparison between the d;3 values mea-
sured by double-beam interferometry and this technique in-
dicated the influence of the mechanical boundary conditions
on the effective ds3. The effective d3; measured by the di-
rect piezoelectric effect was slightly larger than that mea-
sured by the converse piezoelectric effect. A quantitative
evaluation was made and the calculation was in agreement
with the experimental result.
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The wafer flexure technique was used to characterize the d3, coefficient of a number of sol-gel and
radio frequency (rf) sputtered lead zirconate titanate (PZT) thin films with thicknesses between 0.6
and 3 um. Typical d3, values for well-poled 52/48 sol-gel films were found to be between —50 and
—60 pC/N. The rf sputtered films possessed large as-deposited polarizations which produced ds)
coefficients on the order of —70 pC/N in some unpoled films. The subsequent poling of the material,
in a direction parallel to the preferred direction increased the ds; coefficient to values of about —85
pC/N. The aging behavior of the d3, coefficient was also investigated. For sol-gel films the aging
rate was found to be independent of poling direction and to range from 4% per decade for a 2.5 um
film to 8% per decade for a 0.6 um film. In contrast, the aging rate of sputtered films was strongly
dependent on poling direction, with maximum and minimum rates of 26% and 2% per decade
recorded. These aging rates are very high in light of the limited twin wall motion in PZT films, and
are believed to result from the depolarizing effects of internal electric fields in the rf sputtered films

and interfacial defects in the sol—gel films. © 1999 American Institute of Physics.

[S0021-8979(99)04609-5]

I. INTRODUCTION

The design and development of novel microelectrome-
chanical systems which utilize piezoelectric thin films re-
quires explicit knowledge of the material’s longitudinal (d3;)
and transverse (d3, or ds;) piezoelectric coefficients. When
prepared in bulk ceramic form, piezoelectric coefficients are
characterized by numerous methods, the most common of
which are the resonance and dynamic load techniques (e.g.,
the Berlincourt meter). Those techniques however, are inad-
equate for the piezoelectric characterization of thin film ma-
terials and for that reason a number of alternative techniques
have been proposed.'*?

Laser interferometers are the most well established
method for the characterization of both the longitudinal and
transverse piezoelectric coefficients of thin films. Interfero-
metric methods however, require careful optical alignment
and operation, and in the case of a d;; measurement, appro-
priate sample preparation (cantilever beam construction). In
contrast, the wafer flexure technique was conceived as an
alternative method for the characterization of the transverse
piezoelectric coefficient (d3;) of thin films.> The measure-
ment is a direct technique (i.e., it utilizes the direct effect)
and is based on measuring the charge produced as a film-
coated wafer is flexed periodically. Details on the design and

“Electronic mail: stmckinstry @ psu.edu

0021-8979/99/85(9)/6711/6/$15.00 6711

calibration of the technique are given elsewhere.” The wafer
flexure technique was used here to compare the properties of
sol—gel and sputtered lead zirconate titanate (PZT) films.

Il. EXPERIMENTAL PROCEDURE
A. Sol-gel PZT thin films

PZT thin films were synthesized with 52/48 composi-
tions using a variation of the procedure described earlier by
Budd, Dey, and Payne.“ Lead acetate trihydrate was dis-
solved in 2-methoxyethanol, distilled and refluxed at 110 °C,
and combined with titanium-IV isopropoxide and
zirconium-IV propoxide. Solutions were made in 0.5 molar
concentrations and spin coated at 3000 rpm on platinized
(100 silicon substrates. Each substrate had 1 wum of thermal
oxide sputter coated with a 200 A titanium adhesion layer
and 1500 A of (111) platinum. Following pyrolysis at 300~
360°C, additional layers were spin coated to build up the
desired thickness. Lead volatilization was discouraged (dur-
ing the subsequent annealing step) with 12% excess lead in
the solution. Films were crystallized in an AG Associates,
Heatpulse 210 rapid thermal annealer at 700 °C for 60 s.
Individual crystallization steps were conducted for thicker
films after every fourth coating to minimize cracking of the
resulting film. Final film thicknesses ranged from 0.6 to 2.5
pm.  Additional details on the processing are given

© 1999 American Institute of Physics
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TABLE 1. Sputtering conditions for the deposition of 4 in. PZT thin films.

Target [Pb(Zro 51 . Tig47)0310.8+{Pb0)0.2 (Hot pressed)
Substrate PYTi/(SiO,)/Si[ PUTi= 1000A4/5004 ]
Stage temperature 600 °C
Target to substrate 10 cm
distance
rf power 500 W
Gas flow Ar/0,=9.5/0.5 sccm
Pressure 1.0 Pa
Deposition rate 0.7-1.0 um/h

elsewhere.® Pt top electrodes were sputtered through a 1.5-
mm-diam shadow mask and postannealed at 400 °C for 60 s.

B. rf magnetron sputtered 50/50 PZT films

Several 4-in.-diam radio frequency (RF) magnetron
sputtered films were used in this investigation. The Zi/Ti
ratio of the sputtered films was measured to be 50/50 using
energy dispersive x ray. The two films studied were approxi-
mately 3.0 and 3.3 um thick and both displayed strong (111)
textures. Details of the deposition procedure are given in
Table 1.5 Pt top electrodes were sputtered through a 1.5-mm-
diam shadow mask.

C. Wafer flexure method for transverse piezoelectric
characterization

The principle of operation for the wafer flexure method
and the details of the hardware used have been reported
elsewhere.” A schematic of the basic configuration is given
in Fig. 1. In this investigation the uniform pressure rig was
configured for both 3 and 4 in. wafer characterization. Fun-
damentally, the technique utilizes the direct piezoelectric ef-
fect. The audio speaker was excited with the reference signal
[0.4V,,, (rms=root meansquare) at 4 Hz] from an EG&G
7260 lock-in amplifier fed through a Harman/Kardon HK770
stereo amplifier. The output of the audio speaker is fed to a
cavity in the aluminum housing over which the film-coated
wafer is fixed. The resulting pressure oscillation flexes the
wafer, which subjects the film to a controlled planar stress,
and induces a charge via the dj; coefficient of the film. The
charge from the PZT sample is converted to a rms voltage
(via the charge integrator) and together with the voltage from
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FIG. 1. Wafer flexure method for the transverse piezoelectric characteriza-
tion of piezoelectric thin films.
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a piezoresistive pressure transducer (Omega PX 170, 0.26
psig full scale) is fed into the lock-in and measured with
respect to the internal reference. From the lock-in data, out-
put charge and applied pressure are then calculated and used
to determine; (1) the stress applied to the film (using classi-
cal mechanical plate theory), and (2) the film’s d3; coeffi-
cient.

D. Effects of poling time and poling direction on the
ds, coefficient

The wafer flexure technique was used to characterize the
d+ coefficient of a number of PZT thin films. As a general
rule, each PZT sample was characterized as a function of
poling time and poling direction at room temperature. The
magnitude of the poling field was typically two to three
times the coercive voltage (as measured from the polariza-
tion hysteresis loop) and poling was done in 5 or 15 min
increments to a maximum of 1 h. By analogy with piezoelec-
tric ceramics,8 results from the experiments were expected to
a show a logarithmic increase with poling time. As such,
data from the poling experiments were used to check the
health of the d3; meter, the quality of the PZT films, and to
identify/confirm the existence of internal bias fields (the d3,
response is strongly asymmetric with respect to poling direc-
tion for films with large internal bias fields).

E. Aging rate of the ds, coefficient of PZT thin films

The aging of the piezoelectric response under closed cir-
cuit conditions without a direct current bias was measured
and is reported as a function of film thickness and poling
direction. A number of 3 in. sol-gel and 4 in. 1f sputtered
samples were tested. For each test, samples were poled with
an electric field (typically two or three times their coercive
field) for a time of 1-2 min. At the end of the poling period
the oscillation on the measurement rig was started and the
test begun. The output from the test capacitor was monitored
continuously on the lock-in display and the voltages re-
corded every 5 min for times of 1-60 min after poling. Care
was taken to insure that the pressure applied to the plate was
the same over the course of the experiment.

Iil. RESULTS AND DISCUSSION

A. Effects of poling time on the dj, coefficient of PZT
thin films

Four rapid thermally annealed sol—gel films with thick-
nesses of 0.6-2.5 um were characterized in terms of their
ds, coefficients as a function of both poling direction and
poling time. The poling fields used for the experiments were
taken to be three times the coercive field of the capacitor
tested (where E. was calculated from the average of the
+ E_’s reported during earlier polarizing—electric field (P-E)
measurements). The same spot on the sample was then poled
for increasing lengths of time, up to 31 min, at this field
level. For each set of experiments a virgin electrode was
used. The results from the experiments with the top electrode
made positive are given in Fig. 2 and show that the piezo-
electric coefficient of all films tested increases in a logarith-
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FIG. 2. Variation of d5, as a function of film thickness and poling time with
the top electrode positive. Films tested had 52/48 compositions and were
poled with fields equal to three times the coercive field of the film.

mic fashion with poling time. The maximum d3, coefficient
was recorded for the 2.5-um-thick film and had a magnitude
on the order of —50 pC/N. Results collected with the top
electrode made negative showed a similar response with the
magnitudes comparable to those given in Fig. 2.

The piezoelectric characterization of the 50/50 rf sput-
tered films indicated that the films had large spontaneous
polarizations which produced as-deposited d; coefficients
between —45 and —70 pC/N. d3, data taken from a 3.3-um-
thick film are presented in Fig. 3 as a function of poling time
at =60 kV/cm. (This poling field is close to the average
coercive field; higher fields could not be used due to delami-
nation of the top electrode after prolonged high field expo-
sure.) In Fig. 3, the data for the top electrode negative follow
the expected logarithmic increase with poling time. How-
ever, poling the film for 1 min with the top electrode positive
was insufficient to reverse the original polarization direction.
As a result, the magnitude of d3, decreased from —70 to
—20 pC/N, but the phase of the response with respect to the
applied stress was unchanged. Only with extended poling did
the remanent polarization change sign. For these longer
times, the phase of the d3; response with the applied stress

<120 —e— Top electrode positive
—a—Top elactrode negative

A o

(pC/N)

d31
)
(=]

0 E

1 10 100
Poling Time (min.)

FIG. 3. Change of the d, coefficient of a 3.3-um-thick 50/50 sputtered film
with poling time. The data show a strong sensitivity to poling direction.
As-deposited values of dy, were measured at about —70 pC/N.
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FIG. 4. Polarization hysteresis loop for a ~3-um-thick 50/50 tf sputtered
PZT film. The plot shows the average remanent polarization of the film is 41
uClecm? and the average coercive field is 70 kV/em. The internal bias field is
calculated from the offset on the field axis to be 15 kV/em.

changed by approximately 180°. To show that the degree of
poling did, in fact, increase logarithmically with time, all of
the dy, data are shown with negative values in the graph;
zero marks the point at which the phase of the response
changed.

The data presented in Fig. 3 illustrate a number of strik-
ing results. The first is the large value (—70 pC/N) of the d3
coefficient in the as-deposited films. d3; increased with pol-
ing to values which approached —85 pC/N. Those numbers
are themselves encouraging because they represent some of
the largest d5,; values reported for polycrystalline PZT films.
Furthermore, there is significant asymmetry in the dy, coef-
ficient as a function of the poling direction. When poled with
the top electrode negative, the ds increased by about 20%
for poling times of 60 min. In contrast, poling the sample in
the opposite direction changed the d3; coefficient by a factor
of 2.

The large as-deposited d3, and the strong asymmetry in
the poling behavior are probably related to an internal elec-
tric field in the film. The existence of internal bias fields have
been well documented for PZT ceramics® and thin films'®
and their presence is usually manifested as a shift in the
polarization hysteresis loop or an asymmetry in the current-
voltage (/- V) curve. In thin films, such internal fields have
been reported to result in preferred polarization directions
and asymmetry in the piezoelectric response as a function of
poling direction.!"'? The P-E loop for the 50/50 film is
given in Fig. 4. The P—E hysteresis loop is shifted 15 kV/cm
along the field axis, which is assumed to be equal to the
film’s internal field. It is expected that the bias field poles the
material as it cools from its deposition temperature (600 °C)
which leads to a large as-deposited polarization and an ap-
preciable piezoelectric effect. The subsequent application of
a poling field in excess of, and in a direction parallel to, the
internal bias yields only minimal gains in the d5, coefficient.
The application of a field in a direction antiparallel to the
internal field however, results in appreciable changes of the
as-deposited polarization and therefore, the film’s d3, coef-
ficient. There is also the possibility that the preferred polar-
ization direction is the result of a strain gradient in the film,
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FIG. 5. Normalized d3, coefficients as a function of poling time. Data for
both a 2.5 um sol-gel film and a 3.3 um sputtered film are shown. Note that
the response of the sol-gel film is nearly symmetrical with respect to poling
direction, so that the two curves for the sol-gel films are superimposed.

though given the distance between the film and the neutral
axis of the film/substrate system, a large strain gradient
seems unlikely. For simplicity therefore, the mechanism re-
sponsible for the shift in the hysteresis loop will be described
as an internal field.

The effect of the preferred polarization direction is illus-
trated most clearly in Fig. 5, which plots the response of both
the 2.5 um 52/48 sol-gel film and the 50/50 sputtered film
as a function of poling time. The strong contrast between the
poling behavior of the two types of films is believed to result
from the relative magnitude of the film’s internal bias fields.

The internal bias of the sputtered film was calculated to
be about 15 kV/cm, which is an order of magnitude larger
than the ~1-2 kV/cm internal bias in the sol-gel films. The
large internal field in the sputtered films poles the material
almost completely as the material is cooled through T... The
sputtered films therefore, display only a small increase in the
magnitude of d3; when poled in a direction parallel to the
internal bias and show large changes when poled antiparallel
to the preferred direction. In contrast, the internal fields of
the sol-gel films are much lower (than the sputtered films).
The net polarization produced in either direction is therefore
comparable and the response produced is symmetric.

B. Aging behavior of the transverse (d;;) piezoelectric
coefficient

The aging rates of the transverse piezoelectric coeffi-
cients for both sol-gel and sputtered PZT films were mea-
sured using the wafer flexure technique. The ds; coefficients
were monitored at regular intervals after poling and their
decay plotted versus the logarithm of time.

Experiments were conducted with sol-gel films poled in
either direction at room temperature with fields equal to three
times their coercive field strength. Poling times for the ex-
periments conducted were either 1 or 2 min. Figure 6 gives
the aging data from the experiments conducted with the top
electrode made negative (tests with the top electrode positive
were also conducted and the response was similar to that
shown). The rates for all experiments (including those con-
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FIG. 6. Aging of the dy; coefficient for four sol-gel films ranging in thick-
ness from 0.6 to 2.5 um. Samples were all poled with three times the
coercive field for 1 min with the top electrode negative.

ducted with the top electrode positive) are tabulated from the
slopes of the fitted logarithmic curves and are given in
Table II.

Similar experiments were conducted on a 4 in. rf sput-
tered 50/50 PZT film. The film investigated was 3.0 um
thick with an as-deposited d3; coefficient of about —45
pC/N. Test capacitors were poled with an electric field of
150 kV/cm, which was approximately equal to two times the
coercive field strength. The aging rate was evaluated as a
function of poling time and direction with the data taken
from different test capacitors on the same film.

Figure 7 is a plot of the decay of the transverse piezo-
electric coefficient for the sputtered film poled with a field of
*150 kV/cm for 1 min at room temperature. The plot shows
a strong asymmetry in the film’s aging rate, with the sample
poled at —150 kV/cm (top electrode negative) measured at
2% per decade while the sample poled in the opposite direc-
tion decayed at 26% per decade. When the samples were
poled for 15 min, the data showed an aging rate of 4% per
decade when poled with the top electrode negative and an
aging rate of 20% per decade when poled with the top elec-
trode positive.

The aging data collected from both the sol-gel and rf
sputtered films make an interesting contrast to data reported
for bulk ceramics. In bulk materials, the decay of the dielec-
tric and piezoelectric constants and the evolution of con-
stricted P—E loops are attributed to ferroelastic stress relief
and domain stabilization.'* Because extrinsic contributions

TABLE II. Aging rates (percent per decade) of the d5, coefficient of 52/48
sol-gel PZT thin films.

Film
thickness  Poling time: ! min
(um) Top electrode (+)

Poling time: I min
Top electrode (—)

Poling time: 2 min
Top electrode (+)

0.6 8% 8% 7%
0.8 7% 7% 5%
1.8 7% 7% 5%
25 6% 7% 4%
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FIG. 7. Aging rate of the dy, coefficient of a 3.0-um-thick 50/50 rf sput-
tered PZT film. The film had been poled for 1 min with a field of =150
kV/em.

to the dielectric and piezoelectric characteristics are limited
in these films'® and the decay of the dielectric constant pro-
ceeds at only a few percent per decade,'*!> the mechanism(s)
responsible for the decay of the electromechanical constants
has been attributed to the reduction of the film’s remanent
polarization.'?

In this work, the aging data collected show a correlation
with the presence of an internal bias field. The rf sputtered
films (Ey,=15-20kV/cm) show accelerated aging when
the polarization vectors are misaligned with the internal field.
Removal of the poling field results in the rapid reorientation
of switched domains (i.e., the film begins to switch back to
the original orientation) and a rapid decrease of the film’s d3,
coefficient. In contrast to the rf sputtered films, the net inter-
nal fields of the sol-gel films (Ey,;=1-2kV/cm) are
smaller, and as a result their response is independent of pol-
ing direction. This behavior is in agreement with that re-
ported by Kholkin et al.,'* although the asymmetries ob-
served here for the sputtered films are appreciably larger.

The symmetric aging response of the sol—gel films sug-
gests that depolarization does not result from a net internal
electric field. Earlier work on PZT ceramics has shown that
large mechanical stresses can result in significant amounts of
depolarization'®!” however, data presented elsewhere'* show
that the effects of mechanical stress are less pronounced in
PZT films. In addition, the limited extrinsic contributions in
these PZT films suggest that depolarization results from the
backswitching of aligned domains and not non-180° reorien-
tation or domain wall pinning. Because 180° switching is not
a stress relief mechanism, mechanical depolarization cannot
be responsible for the aging behavior of thin films. Rather, it
is expected that the origins of the accelerated aging rates are
related to interfacial or defect-related effects comparable to
those responsible for the polarization degradation of ferro-
electric non-volatile memory devices.'®

Extensive work has been conducted on degradation
mechanisms in films, with both lead and oxygen vacancies
identified a potential sources of the problem(s).lx It is ex-
pected that the high volatility of lead oxide at the elevated
crystallization temperatures (typically 600-700 °C) results in
large concentrations of charged defects in a shallow layer at
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the film’s surface.'? There are several possible consequences
of this. First, the defective material could form a discrete
semiconducting layer at the film surface. Earlier work has
suggested that a low-€, region at one of the film’s surfaces
results in the reduced dielectric constant of thin (submicron
thickness) PZT films.2® A similar region may be responsible
for the spontaneous depolarization of the material. In particu-
lar, it is suggested that when subjected to large poling fields,
charge is injected through this layer and domain reversal 1s
possible. After the voltage is removed however, a depolar-
ization field is created which cannot be compensated eftec-
tively by the defective layer. In the absence of an external
voltage, the limited conductivity of the lead deficient layer
prevents additional charge from being transported to com-
pensate the depolarization field. As a result the material de-
poles, which leads to the accelerated decay of the film’s
piezoelectric coefficient.

A second possibility is that Vp,—V, defect dipoles in
the near surface regime align with respect to the ferroelectric
dipoles on cooling through the transition. Since the domain
structure is initially random, there is little net internal bias. If
the field associated with these dipoles is not too high, then
the material could be poled. However, at room temperature it
is unlikely that all of the defects would be reoriented (espe-
cially for short poling times). Thus, after poling they would
act to drive the film back to its original random domain
configuration, which would result in accelerated piezoelec-
tric aging.

There are data presented both here and elsewhere'?
which suggest that the aging rates of the piezoelectric coef-
ficients can be decreased with increased poling times (Table
11). The beneficial effects of poling time can be explained
within the framework of imprint phenomena which attributes
the voltage offset of the P—E loop (i.e., the imprint) to the
alignment of defect dipoles with the film’s polarization
vector.2! With increased poling times the defects (predomi-
nantly oxygen vacancies) which are responsible for imprint
have time to migrate through the film. The migration and
reorientation of defect dipoles stabilize the film’s domain
structure, which prevents depolarization and reduces the ag-
ing rate.

The asymmetric aging rates of the d3, coefficient of the
if sputtered films are comparable to behavior which has been
reported by Maria for epitaxial lead magnesium niobate~lead
titanate films.?* The source of the aging behavior in those
films was attributed to the presence of a large internal bias
which shifted the P-E loops to one side of the origin, i.e.,
both coercive fields had the same sign. Maria speculated that
energetic bombardment, either through implantation or ion
peening, was responsible for a displacement of the oxygen
sublattice. The shift of the oxygen atoms led to a preferred
polarization direction and thus produced the large internal
field (and the asymmetry in the aging rates) in the as-
deposited films. A similar mechanism could explain why the
sputtered films in this work showed asymmetric aging rates
while the sol-gel films (which never see bombardment)
did not.
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IV. CONCLUSIONS

The wafer flexure method was used to characterize the
d+, coefficients and monitor their aging rates for a number of
52/48 sol—gel and 50/50 rf sputtered PZT films. Piezoelectric
characterization indicated an increase of d3; with poling time
(at room temperature) to maximum values of about —50
pC/N for the 2.5-um-thick sol-gel film and —85 pC/N for
~3-um-thick rf sputtered film. Aging results showed that the
d, coefficient decreased in a linear fashion with the loga-
rithm of time. The aging rates measured for the sol—gel films
were found to be between 4% and 10% per decade with the
thickest films tested (2.5 um) displaying the smallest rates.
Similar experiments were conducted on rf sputtered PZT
films. In contrast to the aging behavior of the sol—gel films,
the aging rates of the sputtered samples showed a strong
anisotropy of the decay rate. Rates were measured at as
much as 26% per decade when the sample was poled against
the as-deposited polarization and as little as 2% per decade
when poled in the preferential direction.

The aging rates of PZT films are large when compared to
the few percent per decade reported for bulk ceramics. The
mechanism responsible for the piezoelectric aging of the
PZT films is believed to be depolarization of the material.
The rf magnetron sputtered films display large asymmetries
in their aging response which is probably the result of a large
internal field present in the film. When poled in a direction
parallel to the internal bias, the film’s polarization is stable
and the aging rates are modest. If however, the films are
poled antiparallel to the internal field, the remanent polariza-
tion is unstable and the aging rates are accelerated. In con-
trast to the sputtered films, the aging rates of the sol-gel
samples were independent of poling direction. The symmetry
of aging rate indicated that the net internal fields in the sol-
gel films, which were about an order of magnitude less than
those in the rf sputtered films, were not the predominant
depolarization mechanism in the material. The origin of the
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aging response in the sol-gel samples was attributed to
charged defects or a defective layer which resulted in the
backswitching of domains.
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Excellent symmetric dielectric hysteresis is observed from lead zirconate titanate (PZT) thin films
using transverse electric fields driven by interdigitated surface electrodes. The 1-um-thick PZT
films with a Zr/Ti ratio of 52/48 are prepared on ZrO, buffered, 4-in.-diam silicon wafers with a
thermally grown SiO, layer. Both the ZrO, buffer layer and PZT film are deposited by using a
similar sol-gel processing. Remanent polarization of about 20 uClem? with coercive field less than
40 kV/cm is obtained as measured using a triangle wave at 50 Hz. Thicker films are being developed
and retention for the transversely polarized state is currently under study. One of the objectives of
this study is to develop a large array of d3;-driven unimorph sensing elements for a high-resolution
acoustic imaging system. © 1999 American Institute of Physics. [S0003-6951(99)03123-X]

Because the ds; and ki3 values of most ceramics are
almost two times of the d3; and kj; values, respectively,’
recent studies in macroscopic systems have highlighted the
strong advantages for unimorph bending actuators with a
transversely polarized lead zirconate titanate (PZT) layer,
which can be driven electromechanically through the piezo-
electric ds; mode rather than the conventional d3, mode.**
Here, the d3; mode means that both the polarization and
applied field are along the surface of the piezoelectric layer
(that is, transverse direction). This d3; unimorph structure
should also be significant for microelectromechanical sys-
tems (MEMS) applications because many micromachined
unimorph transducers for various MEMS devices have been
developed by combining silicon microelectronics technology
and on-chip ferroelectric lead zirconate titanate films.*~® In
addition, we believe the transverse polarization configuration
will be more attractive for micromachined unimorph dia-
phragm pressure sensors, since diaphragm thickness and
electrode spacing are now independent variables. Particularly
important is the fact that newer field-effect transistors are
available with ultralow input capacitance, matching well the
very low self-capacitance of the unimorph structures with
wider electrode separation, and consequently, higher intrin-
sic voltage sensitivity. As a first step towards producing
d3-mode unimorph bending transducers on silicon sub-
strates, ferroelectric PZT films have to be deposited on an
insulating buffer layer with a low dielectric constant instead
of the conventional platinum buffer layer. In this letter we
report that PZT thin films can be prepared on ZrO,-buffered
silicon substrates and strong symmetric hysteresis is ob-
served for transverse fields generated from interdigitated sur-
face electrodes, indicating the excellent ferroelectric proper-
ties of the films.

Both the ZrO, and PZT films were deposited by multiple
sol-gel spin-on procedures, and their solutions were pre-

3Corresponding author. Electronic mail: bxx2@psu.edu
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pared using an acetic acid process modified from former re-
ports in the literature.”® To prepare the ZrO, solution, zirco-
nium n-propoxide was added to the glacial acetic acid and
the mixture was refluxed at 105 °C for 1 h. Ethylene glycol
and deionized water were also added during the reflux to
control the viscosity and concentration of the solution. To
prepare the PZT (52/48) solution, lead acetate trihydrate,
with 20 mol % excess lead content, was initially dissolved in
acetic acid and the associated water was removed during a
period of distillation at 150 °C. After cooling to room tem-
perature, zirconium n-propoxide and titanium isopropoxide
were added to the solution and the mixture was refluxed at
80°C for 1 h. Again, ethylene glycol and deionized water
were added during the reflux process. The concentrations of
the final solutions were adjusted to be 0.75 M for the ZrO,
solution and 0.90 M for the PZT solution. The substrate was
4-in.-diam, n-type, (100)-oriented silicon wafers with a 0.4-
um-thick thermally grown SiO, layer. For the preparation of
the ZrO, film, the samples were pyrolyzed at 600 °C for 0.1
h after the deposition of each layer and annealed at 700 °C
for 3 h after the fifth layer deposition. After the annealing of
the ZrO, film, another five layers of PZT solution were
coated layer by layer in the same way but the final annealing
condition was changed to 700 °C for 1 h.

The phase structures of the films were analyzed by using
an x-ray diffractometer and the results are shown in Fig. 1. It
can be seen that the ZrO, film is mainly amorphous after
annealing but the PZT film is a well-formed perovskite struc-
ture phase. The peak with the highest intensity in the x-ray
diffraction pattern of the PZT film is indexed as the (101)
plane, indicating that the film is mostly random oriented.
This is not surprising considering the PZT film was grown
on an amorphous surface. The surface and cross-sectional
microstructures of the films were studied under scanning
electron microscopy (SEM) and the results are given in Fig.
2. The SEM surface micrograph of the PZT film suggests a
grain aggregate structure of the 3—5 um scale, but obvious
substructure, and x-ray line broadening indicate that the true

3549 : © 1999 American Institute of Physics
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FIG. 1. X-ray diffraction patterns of the films.

grain size is significantly smaller. The SEM cross-sectional
microstructure [Fig. 2(b)] shows the clear multilayer PZT,
Zr0,, Si0,, Si structure and the very sharp interface between
the PZT and ZrO, films. The thicknesses of the PZT and
ZrO, films are about 1 and 0.4 um, respectively. These re-
sults have verified that the ZrO, film can work as an effective
buffer layer preventing the reaction and interdiffusion be-
tween the PZT film and silicon substrate.

In order to measure the hysteresis loops under transverse
electric field, the Ti/P/Au interdigitated electrodes were
sputtered on the surface of the PZT film and a sketch map of
the electrode patterns is shown in Fig. 3. A conventional
photoresister lift-off process was used to define the finger
width of 10 um and electrode separations (finger gaps) of 5,
10, and 20 um, respectively. The electrode arrays with vari-
ous patterns were written within the outline of about 1.55
X 1.33 mm as shown in Fig. 3(a).

The hysteresis loops of the films were measured using a
modified Sawyer—Tower circuit with 50 Hz, triangle wave-

{um

FIG. 2. SEM micrographs of the sample. (a) Surface microstructure of the
PZT film. (b) Cross-sectional microstructure.
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1.55 mm |

1.33 mm

(b)

FIG. 3. Sketch map of the surface interdigitated electrode patterns: (a) top
view and (b} cross-sectional view.

form driving signals. Direct electrical hysteresis between the
induced charge and applied voltage in the 5-um-gap elec-
trode system is given in Fig. 4(a). If it is assumed that the
area switched is the product of the length of the electrode
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FIG. 4. Field-induced charge and polarization of the PZT film using the
surface interdigitated electrodes. (a) Direct voltage~charge relationship for
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fingers and film thickness and that the field is uniform across
the electrode gap, the data may be converted to a P (polar-
ization) versus E (field) scale. Figure 4(b) shows the loops
superposed for the 5, 10, and 20 um finger gaps under such
assumptions. Clearly, there will be fringing fields associated
with the finger terminations which will affect the calculated
polarization and electric-field values. However, it is encour-
aging to find the remanent polarization (P,) of order 20
p.C/cm2 and the coercive field (E,) of order 40 kV/cm,
which are close to the corresponding values of PZT films
deposited on platinum-buffered silicon substrates using simi-
lar sol-gel processing.®

In summary, PZT (52/48) films with the thickness of
about 1 um have been prepared on ZrO.-buffered silicon
substrates. Both the ZrO, and PZT films were deposited us-
ing a similar sol-gel processing. The results indicate that the
deposited ZrO, film can work effectively as a buffer layer.
The strong symmetric hysteresis loops measured by using
interdigitated electrodes on the surface of the PZT film sug-
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gest very good transverse coherence in the film. Current
work is concerned with studying the retention of polarization
along the transverse direction and the related piezoelectric
effect, and developing PZT films with thickness up to 5 um
in order to construct micromachined unimorph transducer
arrays with a working frequency at the MHz range for hand-
held underwater three-dimensional imaging systems.
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The sensing characteristics of in-plane polarized lead zirconate titanate (PZT) thin films were
studied and compared with the through-thickness polarized PZT films. The in-plane polarized PZT
films were deposited on ZrO,-passivated silicon substrates and had interdigitated electrode systems
on the top surface; hence, they can be polarized in the film plane. This in-plane polarization
configuration separates the electrode spacing and film thickness as independent variables; thus, the
voltage sensitivity can be increased by using wider electrode spacing even for fixed film thickness.
The results show that for films with a thickness of 1 um the voltage sensitivity of in-plane polarized
PZT films can be more than 20 times higher than that of the conventional, through-thickness
polarized PZT films which were deposited on Pt-buffered silicon substrates. © 1999 American

Institute of Physics. [S0003-6951(99)01152-3]

Ferroelectric thin films such as lead zirconate titanate
(PZT) have been intensively studied for sensor and actuator
applications in microelectromechanical systems (MEMS) be-
cause they offer much higher piezoelectric activity than tra-
ditional piezoelectric films such as ZnO and AIN.'2 At
present, many designs for piezoelectric MEMS devices uti-
lize the bending of cantilever or diaphragm structures. Typi-
cally, the bending element consists of a layer of PZT film
with both top and bottom electrodes (and so, poled through
the thickness) and a thin structural membrane supporting the
PZT film. Such structures can be easily realized using silicon
micromachining technology. Mechanical bending of the
structure can greatly amplify the displacement generated by
the PZT films for actuator applications or the applied stress
on the PZT films for sensor applications. Thus, many
bending-type cantilever or diaphragm MEMS devices are un-
der development for accelerometers, force sensors, pressure
and acoustic sensors, microvalves, micropumps, and other
microactuators.~®

It should be noticed that the conventional bending uni-
morph structure utilizes a d3; mode, that is, the polarization
direction is through the film thickness and perpendicular to
the film plane, but the generated displacement to be used, or
the applied stress to be detected, is in the film plane. Because
the d;3 coefficient of most perovskite-structure piezoelectric
ceramics is approximately twice as large as d3,, the use of
PZT films which can be polarized in the film plane instead of
through the thickness enables the d3; mode to be employed.
This, in turn, leads to perform once improvements. As a first
step to approach this objective, PZT films were successfully
deposited on ZrO,-passivated silicon substrates and shown to
possess excellent in-plane polarization.” In this letter, the
sensing characteristics of such in-plane polarized PZT films
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are studied and compared to the conventional, through-
thickness polarized PZT films deposited on Pt-buffered sili-
con substrates.

Both the PZT film and the ZrO, passivation layer were
deposited on the silicon substrate through acetic acid-based
sol—gel processing; the thickness of the PZT film was 1 um.
After film deposition, Ti/Pt/Au electrodes were sputtered on
the top surface of the PZT film. A photoresist lift-off process
was used to define the interdigitated electrodes with a finger
width of 10 um and finger gaps (electrode spacings) of 5, 10,
and 20 um, respectively, as shown in Fig. 1. The dielectric
properties and hysteresis loops of the films were measured
using an HP 4274A LCR meter and a modified Sawyer—
Tower circuit. Additional details on processing and hyster-
esis loops can be found in Ref. 7.

The sensing effect of the PZT film was characterized
using the modified wafer flexure technique developed by
Shepard, Moses, and Trolier-McKinstry and Maria.*® As
shown in Fig. 2, after poling the PZT film at 5 times the
coercive field (voltage) for 15 min, a small piece of sample
was glued on a 3-in.-diam silicon wafer. This was then sus-
pended over a cylinder cavity. By modulating the air pres-
sure in the cavity using the output of an audio speaker, the
silicon wafer and PZT film were flexed periodically. This
generated a biaxial, transverse stress in the film, and hence, a
piezoelectrically induced charge which can be detected by
the charge amplifier. Then, the voltage generated in the film
was determined by dividing the induced charge by the mea-
sured film capacitance. Finally, the voltage sensitivity, which
is defined here as the generated voltage per unit change of
rms air pressure modulation in the cavity, was calculated by
dividing the generated voltage by the pressure value read
from the digita! pressure transducer.

Shown in Fig. 3(a) are the capacitances and induced
charge values of the in-plane polarized film with various
electrode spacings under a fixed pressure oscillation level.

© 1999 American Institute of Physics
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FIG. 1. Sketch of top surface interdigitated electrode pattern and film struc-
ture (a) top view and (b) cross-sectional view.

The capacitance continually decreases with an increase of
electrode spacing from 5 to 20 um, but the induced charge
remains almost the same as the electrode spacing increases
from 10 to 20 um. While there is some reduction of induced
charge when the electrode spacing increases from 5 to 10
um, the decrease of capacitance is much larger. This leads to
a monotonic increase in voltage sensitivity with an increase
in electrode spacing, as shown in Fig. 3(b).

The voltage sensitivity of a through-thickness polarized
PZT film measured under the same conditions is also given
in Fig. 3(b). This PZT film was deposited on a Pt-buffered
silicon substrate and the film thickness was also 1 um. It can
be seen that the voltage sensitivity of the in-plane polarized
PZT film is much larger than that of the through-thickness
polarized PZT film, especially as wider electrode spacing is
used for the in-plane polarized film. The sensitivity of the
in-plane polarized PZT film with a 20 um electrode spacing
can be more than 20 times larger than that of the through-
thickness polarized film.

The air pressure modulation in the cavity is amplified
and transferred to the biaxial, transverse stress on the PZT
films through flexing the sample. The small deflection plate
theory is valid for the present experiment because the applied

3" Si wafer Probe

Fasteners

10" speaker

Pressure cavity

Pressure

transducer Al housing

FIG. 2. Setup of the wafer flexure technique (after Maria, see Ref. 9).
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FIG. 3. (a) Film capacitance and induced charge of in-plane polarized PZT
film with various electrode spacing for a fixed excitation condition. (b)
Voltage sensitivity of in-plane and through-thickness polarized films and
their ratios. S;,: sensitivity of in-plane polarized film. S, : sensitivity of
through-thickness polarized film.

pressure modulation is very small. Thus, the relationship be-
tween the transverse stress (T) and the rms air pressure
modulation (P) can be simply expressed as: T=cP, where ¢
is a constant and only depends on the elastic properties of the
silicon wafer and PZT film.® Hence, a comparison of the
sensing mechanism of these two kinds of PZT films can be
simplified to a comparison of the sensitivity of free-standing,
in-plane polarized, and through-thickness polarized PZT thin
films under a biaxial stress. As shown in Fig. 4, if we define

Electrode

T, )

FIG. 4. Schematic of free-standing films under biaxial stress condition: (a)
in-plane polarized film and (b) through-thickness polarized film.
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the poling direction as the *‘3"" direction, for the in-plane
polarized PZT film, the relationship between stress and the

rms air pressure modulation can be written as
T3,in=63.inp’ Tl,in=Cl‘inP’ (1)

where the constant cs;, and ¢, ;, may be different because
the PZT film is anisotropic in the film plane after polariza-
tion. The subscript in represents in-plane polarization. Sup-
posing that the fringing effect close to the electrode can be
neglected and that the polarization is homogeneous in the
film between the electrodes, the capacitance and induced
charge are [referring to Fig. 4(a)]

Cin= €33in€0tW/d, (2)
Qin=Digtw=(d335n T30+ d31in] 1in) W 3)
Therefore, the induced voltage and voltage sensitivity will be
Vin=0in/Cia=[(d33nT3int d31aT 1:0)/ (€33in€0)]d, (4)
sensitivity (S;,)=Viy/P
=[(d13nC3int d31inC 1in)/
(€33n€0)1d. ®)

For the through-thickness polarized PZT film, the rela-
tionship between stress and the rms air pressure modulation
can be written as

Tix=c 1P, (6)

where the subscript tr represents through-thickness polariza-
tion. Referring to Fig. 4(b), the capacitance and induced
charge are

ClI: 633'"601W/t, (7)
Ou=Dlw=(2ds31xT 1) 1W. (8)
Hence, the generated voltage and voltage sensitivity will be
Vtr= er/clr': [(2d31.trT1.tr)/( 533,lr€0)]tv (9)

sensitivity (Sy)=V,/P=[ (2d31 410/ ( €330€0) 1.
(10

Comparing Eq. (2) with Eq. (7), it can be found that as
the in-plane polarization configuration separates the film
thickness and electrode spacing as independent variables, the
capacitance is conversely proportional to the electrode spac-
ing rather than film thickness. Thus, the voltage sensitivity of
the in-plane polarized film is proportional to the electrode
spacing rather than film thickness [comparing Eq. (5) with
Eq. (10)], because the induced charge does not depend on the
electrode spacing [Eq. (3)]. The experimental data may not
give as simple quantitative relationships as the theoretical
analysis due to the fringing effect and relatively large finger
width (compared to the finger gap) of the interdigitated elec-
trode system used. Nevertheless, Figs. 3(a) and 3(b) do
show, respectively, the obvious decrease of film capacitance
and increase of voltage sensitivity with wider electrode spac-
ing. Figure 3(a) also shows that the induced charge is almost
the same for the 10- and 20-um-gap electrode systems. The
change in induced charge for the 5-um-gap electrode system
may be attributed to the more severe fringing effect with
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smaller electrode spacing.m On the other hand, to increase
the voltage sensitivity of through-thickness polarized films
one has to increase the film thickness [see Eq. (10)]. This is
limited both by processing technology, because it is more
difficult to prepare thicker films, and by device design, be-
cause in many cases the total thickness of a device is deter-
mined by the resonant frequency required by the application.

Finally, we point out that the sensing characteristics
demonstrated here are general for all bending-type devices
because all of them use a similar mechanism to detect force
or pressure as in this experiment. In addition, because on-
chip buffer amplifiers can have ultralow input capacitance
(e.g., as low as 0.1 pF),!! for integrated devices it is also
practical to use a wider electrode spacing for in-plane polar-
ized films. Furthermore, for real devices a normal interdigi-
tated electrode system can be used for cantilever structures
and an annular top electrode system can be used for dia-
phragm structures. The annular electrode system will have
one inner electrode in the center of the diaphragm and one
outer electrode near the edge of the diaphragm and the po-
larization can be set between these two electrodes. This will
enable the (d3; ;4T term in Eq. (4) or the (d3 jnC 1 in) term
in Eq. (5) to be eliminated, which means the devices will use
a pure d; mode and the sensitivity can be further increased
(d3; has the opposite sign as d33).

In summary, in this letter the sensing characteristics of
in-plane polarized PZT thin films which were deposited on
ZrO,-passivated silicon substrates has been demonstrated.
Because the in-plane polarization configuration separates the
film thickness and electrode spacing as independent vari-
ables, for a fixed film thickness the voltage sensitivity of the
films can be increased by using wider electrode spacing. This
makes the voltage sensitivity of in-plane polarized PZT films
much larger (e.g., 20 times) than that of the conventional,
through-thickness polarized PZT films deposited on Pt-
buffered silicon substrates. The voltage sensitivity can be
further increased by using suitable electrode systems for spe-
cial device structures so that a pure d3; mode can be em-
ployed. Further work is being developed on constructing de-
vices such as diaphragm sensors for underwater acoustics
and cantilever accelerometers by using the in-plane polarized
PZT films through silicon micromachining technology.

1. E. Cross and S. Trolier-McKinstry, Encl. Appl. Phys. 21, 429 (1997).

2D. L. Polla and L. F. Francis, MRS Bull. 21, 59 (1996).

3. H. Kim, L. Wang, S. M. Zurn, L. Li, Y. S. Yoon, and D. L. Polla,
Integr. Ferroelectr. 15, 325 (1997).

4], J. Bernstein, S. L. Finberg, K. Houston, L. C. Niles, H. D. Chen, L. E.
Cross, K. K. Li, and K. R. Udayakumar, IEEE Trans. Ultrason. Ferro-
electr. Freq. Control 44, 960 (1997).

5P, Luginbuhl, G.-A. Racine, P. Lerch, B. Romanowicz, K. G. Brooks, N.
F. De Rooij, P. Renaud, and N. Setter, Sens. Actuators A 54, 530 (1996).

SC. Lee, T. Itoh, and T. Suga, IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 43, 553 (1996).

7B. Xu, Y. Ye, L. E. Cross, J. J. Bernstein, and R. Miller, Appl. Phys. Lett.
74, 3549 (1999).

8], F. Shepard, Jr., P. J. Moses, and S. Trolier-McKinstry, Sens. Actuators
A 71, 133 (1998).

9. P. Maria, Ph.D. dissertation, The Pennsylvania State University, 1998.

10y, M. Ristic and A. M. Hussein, IEEE Trans. Microwave Theory Tech.
27, 897 (1979).

U See, for example, Interfet IF 140 JFET (Interfet Corp., www.inferfet.com).




APPENDIX 77




J. Am Cerant. Soc., 82 [2] 306-12 (1999)

Journal

Synthesis of Lead Zirconate Titanate Stannate Antiferroelectric

Thick Films by Sol-Gel Processing

Baomin Xu,” L. Eric Cross,” and Duraiswamy Ravichandran®
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The effects of different sintering procedures on the prepa-
ration of antiferroelectric thick films and the structure-
property relations in these films were studied. An acetic
acid-based sol-gel processing with multistep annealing and
suitable lead oxide overcoat layers was developed to fabri-
cate both niobjium-doped and lanthanum-doped lead zir-
conate titanate stannate antiferroelectric thick films. The
5-pm-thick Pby, 9yNby,03(Zrg 550,13 Tin.02)0.9s03 films dem-
onstrate typical square hysteresis loops with a maximum
polarization of 40 pC/cm?, zero remanent polarization, an
antiferroelectric-to-ferroelectric phase transition field of
153 kV/em, and a ferroelectric-to-antiferroelectric phase
transition field of 97 kV/cm. The dielectric constant and
dielectric loss are 283 and 1.7%, respectively. The 5-um-
thick Pby, y,La, 2(Zrg 6550431 Tig 04)O0;3 films display typical
slanted hysteresis loops with very small hysteresis, a maxi-
mum polarization of 35.0 pC/cm?, and zero remanent po-
larization. The dielectric constant and dielectric loss are
434 and 2.0%, respectively.

I. Introduction

ANTIFERROELECTR!C ceramic materials in the lead zirconate
titanate stannate (Pb(Zr,Sn,Ti)O;) family have been stud-
ied extensively over the past several decades for applications as
energy storage capacitors and high-strain transducers/
actuators.'® In these ceramics, the free energy difference be-
tween the antiferroelectric and ferroelectric states may be
modified compositionally to such an extent that a phase tran-
sition between the antiferroelectric state and the ferroelectric
state can be forced by an applied electric field. This field-
induced phase transition is accompanied by a volume expan-
sion due to the larger volume of the ferroelectric phase; hence,
large strains can be expected concurrent with the phase tran-
sition. In fact, the phase transition strain can be 3 to 4 times
larger than the strain levels in conventional piezoelectric ma-
terials.’ Depending on composition and temperature, the an-
tiferroelectric-to-ferroelectric phase transition can occur as a
step function of electric field or can change gradually with
electric field. These two types of transitions are characterized
by “*square’’ and ‘‘slanted”’ hysteresis loops,? which allow for
digital or analog mechanical motions. Since the phase transi-
tion fields must be smaller than the dielectric breakdown
strength and low driving voltages are desirable for applications,
the most interesting compositions of bulk-type antiferroelectric
materials in the Pb(Zr,Sn,Ti)O, family are in the tetragonal
region close to the phase boundary between ferroelectric rhom-
bohedral phase and antiferroelectric tetragonal phase.**
Antiferroelectric thin films (film thickness < 1 pm) have
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been studied since the 1990s for microactuation applications in
microelectromechanical systems (MEMS)’~® and decoupling
capacitor applications in advanced multichip modules
(MCMs).11} Since thin films have the advantages of high
dielectric strength and low operation voltage, antiferroelectric
thin films can have rather high phase transition fields and com-
positions can be extended to the orthorhombic region with very
high Zr content.'® However, most antiferroelectric thin films
have slanted hysteresis loops and some remanent polarization,
which is believed to be due to the retention of ferroelectric
phase after field removal.” Our group recently reported that
antiferroelectric thin films with square hysteresis loops and
zero remanent polarization can be made from modified sol-gel
methods.!0!!

As many MEMS devices require larger displacements than
can be generated in thin films,'? the preparation of ferroelectric
PZT thick films (film thickness > | wm) through sol-gel pro-
cessing have been reported by several groups.'*-'> However,
few reports are given on the preparation of antiferroelectric
thick films in spite of the fact that much higher strain levels can
be reached in bulk-type antiferroelectric materials. Akiyama
et al. reported'® that they could make niobium-doped lead
zirconate titanate stannate antiferroelectric films with thick-
nesses of up to 4.8 wm, but electrical property data were given
only for the 2.4-pm-thick films. In addition, their films dis-
played some remanent polarization when the electric field was
removed.

One of the main problems in preparing lead-containing fer-
roelectric and antiferroelectric films is lead oxide (PbO) evapo-
ration.!? The lead deficiency caused by lead oxide evaporation
can result in the presence of pyrochlore or fluorite phase within
the film which is detrimental to film properties.'®!® This phe-
nomenon is more severe in high Zr content compositions.'**°
However, most antiferroelectric phase compositions have
rather high Zr contents.? This is one of the main reasons that
the fabrication of antiferroelectric films is more difficult than
ferroelectric films. In addition, most antiferroelectric materials
have more complex compositions compared to ferroelectric
PZT materials.

Adding excess lead precursor in the starting solution and
using rapid thermal annealing are the most typical methods to
control lead oxide evaporation and limit the formation of sec-
ond phases.2'~2% The excess lead can also enhance perovskite
phase formation and improve the ferroelectric properties.?!*?
Recently, Tani and Payne?® proposed a PbO overcoat tech-
nique to prevent lead loss. The technique involves the depo-
sition of a single layer of an unhydrolyzed PbO precursor so-
lution after all the required solution depositions. It has been
used to prepare PLZT ferroelectric and Pbg goNbyg go[(Zrg ss-
SNy 42)0.96Tig.04)0us03 (denoted as PZST 42/4/2) antiferroelec-
tric thin films with a 2-methoxyethanol-based sol-gel
method,?26 but there are no reports on the preparation of an-
tiferroelectric thick films using the lead oxide overcoat method.

In this paper, we demonstrate that both niobium-doped and
lanthanum-doped lead zirconate titanate stannate antiferroelec-
tric thick films can be produced from an acetic acid-based
sol-gel processing, with emphasis on the effects of the PbO
overcoat and sintering procedure. The thicknesses of the films
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are between 3.6 and 5 um. Using multistep annealing with the
multiple PbO overcoat layers developed in this work, the thick
films show pure and highly crystallized perovskite structure,
zero remanent polarization, and a maximum polarization of
more than 35 wC/cm?. Depending on the composition, the thick
films can have either square hysteresis loops with very sharp
phase transitions, which can be used in digital mechanical re-
sponse applications, or slanted hysteresis loops with very small
hysteresis and a gradual phase transition, which can be used in
analog mechanical response applications.

II. Experimental Procedure

The compositions used in this work were Pbg goNby 52(Zrg 5
Sng 13Tl 02)0.9803 (PNZST) and Pby g7Lag 02(Zr0.655M0 31-
Tig0s)05 (PLZST), both of which are located in the ortho-
rhombic antiferroelectric region of the phase diagrams. The
precursors used were lead acetate trihydrate, tin acetate, zirco-
nium n-propoxide, titanium isopropoxide, and niobium ethox-
ide (for PNZST samples) or lanthanum ethoxide (for PLZST
samples). Except for lanthanum ethoxide, which was obtained
from the Alfa Co. (Ward Hill, MA), all precursors were from
the Aldrich Chemical Co. (Milwaukee, WI). The solvent, gla-
cial acetic acid, and another additive, ethylene glycol, were
also from the Aldrich Chemical Co. Flow charts for the prepa-
ration of the PNZST solution, PbO overcoat solution, and films
are given in Fig. 1. The procedure to prepare the PNZST so-
lution is similar to the procedure which was first proposed by
Yi et al. to prepare PZT solution using acetic acid as solvent.”
Lead acetate trihydrate, with 25 mol% excess lead content, and
tin acetate were initially dissolved in acetic acid, and the as-
sociated water was removed during a period of distillation at
150°C. After cooling to room temperature, zirconium n-
propoxide, titanium isopropoxide, and niobium ethoxide were
added to the solution, and it was refluxed at 105°C for 1 h.
Ethylene glycol and deionized water were added during the
reflux process to control the viscosity and concentration of the
solution. To prepare the PLZST solution, the only change was
the use of lanthanum ethoxide instead of niobium ethoxide, and
it was added in acetic acid before the distillation. The concen-
trations of the final solutions were adjusted to 0.75M for
PNZST solution and 0.70M for PLZST solution. The lead ox-
ide overcoat solution, which was made from lead acetate tri-
hydrate, was prepared using a similar procedure. The concen-
trations of the lead oxide overcoat solutions were 0.80M and

Synthesis of Pb(Zr,Sn,Ti)O; Antiferroelectric Thick Films by Sol-Gel Processing 307

0.40M. The 0.40M PbO solution was made by diluting the
0.80M PbO solution with more acetic acid.

Films were prepared through a multiple-layer spin-on tech-
nique. The solution was filtered through a 0.2 pm filter and
deposited onto a substrate, which was spun at 7500 rpm for
approximately 30 s on a commercial spin-coater. The sub-
strates were n-type, (100) oriented silicon wafers with a 0.5-
pm-thick thermally grown SiO, layer, a 0.02-pm-thick sput-
tered titanium layer, and a 0.15-wm-thick sputtered platinum
bottom electrode. The samples prepared under the various con-
ditions are listed in Table 1. In total, 25 PNZST coating layers
or 30 PLZST coating layers were deposited to fabricate the
thick films, but different annealing conditions and PbO over-
coat solutions were used. Samples PN-1 and PL-1 were pre-
pared by pyrolyzing at 600°C for 0.1 h after the deposition of
each layer and annealing at 700°C for 1 h after the final coating
layer, which we defined as the single annealing process in this
paper. Samples PN-2 and PL-2 were prepared by pyrolyzing
after the deposition of each layer and annealing after every five
PNZST coatings or six PLZST coatings (defined as the mul-
tistep annealing process). Sample PL-2B was prepared by the
multistep annealing process, and it was coated with a layer of
0.80M PbO solution after the final layer coating of PLZST
solution (defined as multistep annealing with a single PbO
overcoat layer). Samples PN-3 and PL-3 were also prepared by
the multistep annealing process, but they were coated with a
layer of 0.40M PbO solution after every five PNZST coatings
or six PLZST coatings then annealed at 700°C for 1 h (defined
as multistep annealing with multiple PbO overcoat layers).
Samples PN-4 and PL-4 were prepared using the same proce-
dure as samples PN-3 and PL-3 but the 0.80M PbO coating
solution was used instead of 0.40M PbO coating solution. All
the pyrolysis and annealing processes were conducted in a
commercial box furnace.

Phase analyses of the films were performed using an X-ray
diffractometer (XDS 2000, Scintag, Inc., CA). The microstruc-
tures were studied using scanning electron microscopy (DS
130, Kevex Instruments, CA). The film thickness was deter-
mined with a surface profilometer (Alpha-step 500, Tencor
Instruments, NH). To measure the electrical properties of the
films, platinum top electrodes with a diameter of 1.6 mm and
thickness of 0.05 wm were deposited by the rf sputtering
method. The weak-field dielectric properties were measured by
using an HP 4274A LCR meter with an oscillating field of
about 1 mV/um and a frequency of 1 kHz. Polarization—

| PO(CHLO0),3HO | [ cricoon |

[Poccrcooy, a0 | [sacrcoon | - |cricoon]

[ Mixed and distilled at xso"cJ

l Added more CHyCOOH

Added CH;OHCH,OH
and H,O

lMixed and Reflux at 105°C I

0.8M PbO Solutionj-~._

Y Diluted

Wixed and distilled at 150°C !

Y

IAdded ZH(OC;H3, . THOCH(CHyy), and Nb(OC;Hy)s |

10.4M PbO Solution === "="=7 2111710

--------- I Annealing: 700°C, | h J(

Added CH:OHCH,0H
and 1LO

lT\dixed and Reflux at lOS"CI

0.75M PNZST Solution

""" Spin-coating: 7500 rpm, 30 s |---:

Pyrolysis: 600°C, 0.1 h J

Fig. 1. Flow charts to prepare PNZST solution, PbO solution, and films.
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Table I. Characteristics of Samples

Total coating
Sample Composition® layers* Processing remarks
PN-1 PNZST 25 Single annealing
PN-2 PNZST 25 Multistep annealing (every 5 PN layers)
PN-3 PNZST 25 Multistep annealing with 0.4M PbO solution coatings (every 5 PN layers)
PN-4 PNZST 25 Multistep annealing with 0.8M PbO solution coatings (every 5 PN layers)
PL-1 PLZST 30 Single annealing
PL-2 PLZST 30 Multistep annealing (every 6 PL layers)
PL-2B PLZST 30 Multistep annealing (every 6 layers) with 0.8M PbO solution coating (for last layer)
PL-3 PLZST 30 Multistep annealing with 0.4M PbO solution coatings (every 6 PL layers)
PL-4 PLZST 30 Multistep annealing with 0.8M PbO solution coatings (every 6 PL layers)

"The PNZST composition is Pby, goNbg, 02(Zr 555N 13 Tip02)0.9803 and the PLZST composition is Pby 97124 03(Zr( 655N 31 Tlo.04)03. *The PbO solution overcoat layers are not

counted.

electric field characteristics were evaluated by means of a
modified Sawyer-Tower circuit, and a triangular waveform
voltage was applied at a frequency of 50 Hz. All of the mea-
surements were done at room temperature.

III. Results

(1) Phase Characterization

The X-ray diffraction patterns of the PNZST and PLZST
samples are given in Figs. 2 and 3, respectively. The lattice
indexes of the peaks are given according to pseudocubic
(perovskite) structure rather than orthorhombic structure.?®
(100), (110), (111), and (200) peaks were detected for the
PNZST samples, and (100), (111), and (200) peaks were de-
tected for the PLZST samples. The split of the (100) and (200)
peaks was probably caused by the tetragonal distortion of the
pseudocubic lattice, as observed in bulk-type PbZrO; by Fu-
jishita et al.2? All of the samples show very strong (111) pre-
ferred orientation, which is the (202) plane in the orthorhombic
structure. It is clear that the strengths of the (100), (200), (110)
peaks for the PNZST samples and the (100), (200) peaks for
the PLZST samples are gradually increased from PN-1 to PN-4
and PL-1 to PL-4, respectively. The same trend is also ob-
served for the (111) peak for all of the samples (the strengths
of the (111) peak of PN-1 and PN-4, and PL-1 and PL-4 are
shown in the small figures inserted in Figs. 2 and 3, respec-
tively). This indicates that the crystallization of the perovskite
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Fig. 2. XRD patterns of the PNZST thick films.

phase is gradually enhanced from samples PN-1, PL-1, to PN-4
and PL-4.

Although the XRD patterns do not clearly display the exis-
tence of the second phase in sample PN-1 (the broad peak
around 26 = 30° is not obvious), a secondary phase is ob-
served in its photomicrograph (see the photomicrograph of
PN-1 below). The similar phenomenon exists for samples PN-2
and PL-1. On the other hand, there is a broad peak around
20 = 30° on the XRD patterns of samples PN-3, PL-2, PL-2B,
and PL-3, which means that there is some second phase with
nanocrystalline fluorite structure in these samples, as has been
discussed in thin films.® Only samples PN-4 and PL-4 have
pure and highly crystallized perovskite phase.

(2) Microstructure Analysis

Figure 4 is the surface microstructure of samples PN-1 and
PN-4. The photomicrograph of sample PN-1 shows that the
grains on the surface are not closely packed and that a second
phase exists that may have nanocrystalline fluorite structure.!?
This verifies that the excess lead oxide content in sample PN-1
is not enough to suppress the formation of second phase and to
compensate the lead oxide evaporation from the surface. On
the other hand, when an extra PbO overcoat layer is used
before annealing, sample PN-4 displays a dense, homogeneous,
and single-phase surface structure as shown by Fig. 4(b). The
cross-sectional photomicrograph of sample PN-4 is given in
Fig. 5. It exhibits a dense structure with a film thickness of
about 4 wm. Clear columnar structure can also be found in Fig.
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Fig. 3. XRD patterns of the PLZST thick films.
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Fig. 4. Surface microstructures of the PNZST thick films: (a) sample
PN-1. (b) sample PN-4.

5. This indicates that the perovskite grains nucleate at the film—
electrode interface and grow through the film to the free sur-
face, as reported in PZT thin films.>® Although no surface
treatments were done on the samples with PbO overcoat layers
after annealing, we did not find any residual PbO from the
surface and cross-sectional microstructure analysis. Therefore,
most of the PbO evaporated to air or diffused to the earlier
PNZST or PLZST layers during the annealing process.

(3) Film Thickness and Electrical Properties

The total film thickness, average single layer thickness, and
the dielectric properties of the samples are given in Table II.
The results show that coating of extra PbO layers decreases the
film thickness rather than increases the film thickness. The film
thickness decreases with the samples prepared by a single an-
nealing process, a multistep annealing process, and a multistep
annealing process with PbO overcoat layers. This means that
the sintering density increases from samples PN-1 to PN-4 and
PL-1 to PL-4. Because of the higher sintering density and the
gradually enhanced crystallization of the perovskite phase, the
dielectric loss decreases and the dielectric constant increases
from samples PN-1 to PN-4 and PL-1 to PL-4, and the dielec-
tric loss of samples PN-4 and PL-4 is smaller than or equals
2.0%.

Figure 6 is the field-induced polarization (hysteresis loops)
of the PNZST samples. It can be seen that samples PN-1 and
PN-2 have some remanent polarization after the electric field is
removed, the quality of their hysteresis loops is very poor, and
the maximum polarizations are smaller than those of samples
PN-3 and PN-4 when the same driving field (200 kV/cm) is

Fig. 5. Cross-section microstructure of sample PN-4.

used. Although sample PN-3 has a square hystersis loop with
zero remanent polarization, its maximum polarization is still
smaller than that of sample PN-4 under the same driving field.
Increasing the driving field to 300 kV/cm can make sample
PN-3 have the same maximum polarization, but this also
causes the sample to have some remanent polarization. Sample
PN-4 has a square hysteresis loop with very sharp phase tran-
sitions, zero remanent polarization, and a maximum polariza-
tion of 38.5 wC/cm?. Similar behavior is displayed by the
PLZST samples, as shown in Fig. 7, but all the PLZST samples
have slanted rather than square hysteresis loops. This means
that the shape of hysteresis loops strongly depends on film
compositions. Sample PL-4 has a slanted hysteresis loop with
very small hysteresis, zero remanent polarization, and a maxi-
mum polarization of about 40 nC/cm?.

IV. Discussion

Generally, 5 to 10 mol% excess lead is added to the starting
solution to make thin films,22-23 and more excess lead (10 to 20
mol%) is necessary to make thick films.!*!¢ In this work, 25
mol% excess lead was put in the starting solution. This value is
almost the maximum amount of excess lead which can be used
for the present processing because the additon of 30 mol% or
more excess lead is seen to cause cracks in the films even when
a single layer is coated. However, this 25 mol% excess lead is
still not enough to suppress the formation of the second phase,
as proved by the microstructure analysis of sample PN-1. Fur-
thermore, samples PN-1 and PL-1 show relatively weaker crys-
tallization of the perovskite phase and lower sintering density
as compared to other samples, which result in samples PN-1
and PL-1 having higher dielectric loss, lower dielectric con-
stant, poor hysteresis loops with some remanent polarization,
and lower maximum polarization. In order to enhance the crys-
tallization of the perovskite phase and film density, a multistep
annealing process is used instead of a single annealing process.

Table II.  Film Thicknesses and Dielectric Properties

Total film Average single layer tan & at | kHz
Sample  thickness (pnm) thickness (jm) g, at 1 kHz (%)
PN-1 4.875 0.195 207 41
PN-2 4.706 0.188 215 32
PN-3 4.500 0.180 245 22
PN-4 4.201 0.168 262 1.8
PL-1 4.802 0.160 303 4.4
PL-2 4.460 0.149 343 29
PL-2B 4.336 0.144 360 2.8
PL-3 4.054 0.135 385 2.2
PL-4 3.659 0.122 406 20
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Fig. 6. Electric-field-induced polarization of the PNZST thick films.

The results of samples PN-2 and PL-2 show that simply using perature is higher than pyrolysis temperature and the soaking
multistep annealing can improve the crystallization of the time is much longer. This has been proved by the existence of
perovskite phase, film density, and electrical properties, but the the second phase on the XRD pattern of sample PL-2. Clearly
effect is rather limited. Moreover, multistep annealing may this cannot be overcome by adding more excess lead in the
cause more lead oxide evaporation because the annealing tem- starting solution. Although coating a single PbO cover layer
40 v v T g T 40
g o g o
g k= ]
& s | |
Yo o T T
Electric field (kV/ecm) Electric field (kV/cm)
(2) PL-1 (b) PL-2
40 — 40— r —
£o L
E g
& 2 I
) I ; ; gk RV
400 0 400 -500 0 500
Electric field (kV/cm) Electric Ficld (kV/cm)
(c) PL-2B (d) PL-3
40 T T
&
T 1
3]
O
2
g0
[
ki
S ¢
“%%0 T
Electric field (kV/cm)
(e) PL-4

Fig. 7. Electric-field-induced polarization of the PLZST thick films.
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can prevent the formation of the second phase and accelerate
the crystallization of the perovskite phase in the preparation of
PZST 42/4/2 antiferroelectric thin films (0.5 wm thick),® the
results of sample PL-2B show that its effectiveness is not so
obvious in the preparation of thick films.

Considering all of these factors, a multistep annealing pro-
cess with multiple PbO overcoat layers (0.8M PbO solution)
was developed to prepare antiferroelectric films with thick-
nesses greater than 3 wm. Its success in producing high-quality
antiferroelectric thick films was demonstrated by the results of
samples PN-4 and PL-4. Comparing samples PN-4 and PL-4
with other samples, it can be found that this method improved
the structure and electrical properties of antiferroelectric thick
films in four aspects: (1) It obviously diminished the formation
of second phases. (2) It prevented lead oxide evaporation from
the PNZST or PLZST surface layer so that a dense surface
microstructure could be obtained. (3) It enhanced the crystal-
lization of the perovskite phase. (4) It promoted sintering and
increased film density, which was proved by the fact that the
average single-layer thicknesses of samples PN-4 and PL-4
were smaller than those of other samples.

The former work has shown that, by using the similar acetic
acid-based sol—gel route with 20 mol% excess lead in the start-
ing solution, PZT films with thicknesses of up to 12 pm can be
made on platinum-buffered silicon substrates.'® The present
work reveals that the preparation of antiferroelectric thick films
is more difficult and complicated. This may be due to the high
Zr content and low Ti content in these compositions, that is, the
very high Zr/Ti ratio. Although the role of Sn in the nucleation-
growth process in these antiferroelectric films is not clear,
many investigators have reported that, in PZT systems, a high
Zt/Ti ratio will reduce the perovskite crystallization rate.!#20-30
More recently, Lefevre, Speck, et al.® have indicated that, for
films with columnar microstructure, the perovskite grains
nucleate at film/substrate interfaces then grow through the
nanocrystalline fluorite to the free surface. Therefore, the films
with high Zr/Ti ratios need more time for the perovskite crys-
tallization front to reach the surface, causing more lead loss and
resulting in the retained fluorite phase at the surface.
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Schwartz?! has found that, in the preparation of PZT 95/5 thin
films, simply adding excess lead in the starting solution cannot
balance the lead loss and crystallization process and a PbO
overcoat must be used. The antiferroelectric films in this work
have Zr/Ti ratios of 85/2 for the PNZST samples and 65/4 for
the PLZST samples (Sn has not been counted). The perovskite
crystallization rate in these films may be rather slow; hence, in
order to get films with single perovskite phase, high density,
and good electric properties, PbO overcoats are necessary even
though we have added excess lead in the starting solution.

This kinetic effect is also affected by the film thickness and
the concentration of PbO overcoat solution. Lefevre, Speck, et
al.3° have reported that, to prepare PZT films with a fired
thickness of about 0.4 pum, 0.4M PbO overcoat solution is
enough to compensate for the lead loss. In our case, the fired
thickness of five PNZST coating layers is at least 0.84 pm (the
average single layer thickness of PN-4 x 5) and that of six
PLZST coating layers is at least 0.73 wm (the average single
layer thickness of PL-4 x 6). The results of samples PN-3 and
PL-3 show that the 0.4M PbO solution is not enough to com-
pensate the lead loss, as proved by the existence of the second
phase in these samples. This can be attributed to the following
reason: In thicker films, longer time will be spent for the
perovskite phase (which nucleates at the film/electrode inter-
face) to grow through the film and reach the film surface, thus
allowing more time for lead loss and requiring more PbO at the
film surface for compensation. It is not difficult to conclude
that, if the film thickness is greater than 4 um, it will be very
difficult to compensate the lead loss by simply coating one PbO
layer before the annealing, as proved by the results of sample
PL-2B. This is why multiple PbO overcoat (0.8 PbO solu-
tion) layers are necessary to prepare these antiferroelectric
thick films.

Finally, using the same procedure to prepare samples PN-4
and PL-4, 5-pm-thick PNZST and PLZST samples were pre-
pared by coating more layers (30 PNZST coating layers and 42
PLZST coating layers). The hysteresis loops of these 5-pum-
thick samples are given in Fig. 8, and the electrical properties
are summarized in Table III. The phase transition fields of
PNZST sample were determined by extrapolating the steepest
sections of the hysteresis loop and obtaining their intersections
with the horizontal axis. The phase transition fields of PLZST
sample cannot be determined because of the slanted shape of
the hysteresis loop. To the best of our knowledge, this is the
first time that the preparation of 5-pm-thick antiferroelec-
tric films have been reported, with zero remanent polariza-
tion, typical square hysteresis loops with very sharp phase tran-
sitions, or typical slanted hysteresis loops with very small
hysteresis.

V. Summary

The effects of lead oxide overcoat layers and various sinter-
ing conditions on the preparation of antiferroelectric thick films
by acetic acid-based sol-gel processing were systematically
investigated. The processing—structure—property relations in
the films were studied for films with thicknesses between 3.6
and 5 pm. A multistep annealing process with multiple PbO
overcoat layers (0.8M PbO solution) was developed to produce
high-quality antiferroelectric thick films because it can effec-
tively limit the formation of the second phase, promote the
formation of dense surface structure, enhance the crystalliza-
tion of the perovskite phase, and improve the film density.

Table III. Electrical Properties of 5-pm-Thick Films

g, at tan Epvpare Egg_,are Prax

Composition 1 kHz 3 (%) (kV/cm) (kV/cm) (p.Clem?)
PNZST 283 1.7 153 97 40
PLZST 434 2.0 i i 35

TCannot be determined because of the slanted shape of the hystersis loop.
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The 5-wm-thick PbggoNbg 45(Z1g 8580 13Tig.02)0.9803 films
demonstrate square hysteresis loops with very sharp phase tran-
sition, zero remanent polarization, and a maximum polarization
of 40 wC/cm?, which is suitable for digital electromechanical
response applications. The antiferroelectric-to-ferroelectric and
the ferroelectric-to-antiferroelectric phase transition fields are
153 and 97 kV/cm, respectively. The weak-field dielectric con-
stant is about 283, and the dielectric loss is about 1.7%. The
5-wm-thick Pby g7Lag ¢2(Zrg ¢5sSNg 31 Tig 04)O05 films demon-
strate slanted hysteresis loops with very small hysteresis, zero
remanent polarization, and a maximum polarization of 35 pC/
cm?, which is suitable for analog electromechanical response
applications. The weak field dielectric constant is about 434
and the dielectric loss is about 2.0%.
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Lanthanum-doped lead zirconate titanate stannate antiferroelectric thin films with compositions in
antiferroelectric orthorhombic region have been prepared on Pt-buffered Si substrates by the sol—gel
method, with the film thickness from 0.1 to 1.0 um. The dependence of dielectric and ferroelectric
properties on film thickness have been studied, with the emphasis on field-induced phase switching.
The dielectric constant and maximum polarization decrease with the reduction of film thickness,
which are similar to ferroelectric thin films. However, the decrease of film thickness also leads to the
decrease of the phase switching fields, the appearance of remanent polarization in the hysteresis
loops, and the smearing of antiferroelectric—ferroelectric phase switching. These phenomena are
believed to be caused mainly by the stress effect between the film and substrate. Due to thermal
mismatch, the films are under high tensile stress after annealing, and the stress effect becomes more
significant with the decrease of film thickness. This makes the thinner films more preferable to the
ferroelectric phase and causes the retention of ferroelectric phase in the films with thickness less

than 0.4 um. © 1999 American Institute of Physics. [S0021-8979(99)03707-X]

I. INTRODUCTION

Ferroelectric thin films have been under intensive inves-
tigation because of their extensive applications in microelec-
tronics, microelectromechnical systems (MEMS), and
electro-optics. These applications include ferroelectric non-
volatile memories, high density dynamic random access
memories, infrared pyroelectric detectors, decoupling capaci-
tors, microsensors and microactuators, electro-optical
switches and modulators, and optical waveguide devices.!?
Many researchers have found that the electrical properties of
ferroelectric thin films are quite different from that of bulk
materials and significantly depend on the thickness of films.
These so-called ‘‘size effects’” in thin films, especially in
lead zirconate titanate (PZT) ferroelectric thin films, have
been widely studied.*”7 Generally, with the decrease of film
thickness the size effects lead to the decrease of dielectric
constant and remanent polarization, the increase of coercive
field, and the smearing of the ferroelectric—paraelectric
phase transition. Another phenomenon related to size effects
in thin films is the domain switching. It has been reported
that, mainly due to the small grain size and residual stresses,
the non-180° domain wall motion is very limited in PZT thin
films.2~1° Hence, the extrinsic factors make modest contribu-
tions to the dielectric and piezoelectric properties in thin
films, which leads to the inferior dielectric and electrome-
chanical properties of ferroelectric thin films compared to
bulk ceramics.'® This implies that it will be difficult to fab-
ricate high-strain microactuators based only on the ferroelec-
tric PZT thin films.
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Because high-strain thin films are very important for mi-
croactuation applications in MEMS, it is necessary to de-
velop other thin film materials which can generate high- -
strain levels. The antiferroelectric-to-ferroelectric phase
switching thin films may be one of the alternatives. Unlike
PZT ferroelectric materials, the strain or displacement of an-
tiferroelectric materials originates from the antiferroelectric-
to-ferroelectric phase switching because the unit cell of the
ferroelectric phase is larger than that of the antiferroelectric
phase. Therefore, it is possible to keep the strain level of thin
film-type materials as that of bulk-type materials. In bulk-
type antiferroelectric materials, a strain level as high as 0.8%
has been reported, and the strain level of 0.4% can be easily
reproduced.”'12

As a matter of fact, the study on the antiferroelectric thin
films for microactuator applications began in the early
1990s.!> However, most of the antiferroelectric thin films
demonstrate some remanent polarization after the electric
field is removed, which is believed to be due to the retention
of the ferroelectric phase.!* The strain levels of these thin
films just reach about 0.2%.'* Until recently, our group re-
ported that the antiferroelectric thin films with zero remanent
polarization and ‘‘square’’ hysteresis loops (that is, very
sharp phase switching) can be prepared from the
2-methoxyethanol based or acetic acid based sol—gel
method.'>'® The strain levels of these thin films can reach
about 0.4%, which is very promising for microactuator
applications.” In addition, the energy storage density of
these thin films can be higher than 7 J/em®, and half of the
stored charge can be released in 10 ns, demonstrating another
potential application as decoupling capacitors in high-speed
multichip modules.'®

© 1999 American Institute of Physics
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Compared to PZT ferroelectric thin films, the study on
the size effects in antiferroelectric thin films is very limited.
In 1995, Kanno et al. reported the field-induced polarization
in PbZrO; thin films with different thicknesses.'® These films
were deposited on Pt-buffered MgO or Si substrates by a
multi-ion-beam sputtering technique. They found that the
films 177 nm thick show antiferroelectric hystereses (double
hysteresis loops) while films 87.5 nm thick show ferroelec-
tric hystereses. More recently, Chattopadhyay and Ayyub
et al. also reported the thickness dependence of hysteresis
loops in PbZrO; thin films which were directly deposited on
Si (100) substrates using the laser ablation method, and they
found that the films are ferroelectric below a thickness of
about 500 nm and antiferroelectric at higher thickness.?%!
However, for the more widely used lead zirconate titanate
stannate (PZST) system, the size effects in their thin films
have not been reported. In this article the thickness-
dependent electrical properties in lanthanum-doped PZST
antiferroelectric thin films have been reported for the first
time. The emphasis is put on the thickness dependence of
field-induced phase switching, which is very important for
antiferroelectric thin films but cannot exist in ferroelectric
thin films. We also point out that the residual stress due to
the thermal mismatch between the film and substrate is the
most important factor affecting the thickness dependence of
field-induced phase switching in antiferroelectric thin films.

Il. EXPERIMENTAL PROCEDURE

The compositions used in this work are
Pby g7Lag g5(Zrg g5Sng 13Tig 02)O3 (abbreviated as PL-1) and
P b0'97La()‘02(ZI'0'6ssn0_3]Ti0_04)03 (abbreviated as P L-2), and
both of them are located in the antiferroelectric orthorhombic
region in the phase diagram. The substrates are (100) ori-
ented, n-type silicon wafers with a 0.5 wm-thick thermally
grown-on SiO, layer, a 0.02-um-thick sputtered titanium
layer, and a 0.15-um-thick sputtered platinum layer as the
bottom electrode. Samples were prepared from the acetic
acid based sol-gel method. The flow chart to prepare films is
given in Fig. 1, and details of the processing can be found in
Ref. 16. Lead acetate trihydrate, lanthanum ethoxide, and tin
acetate were initially dissolved in acetic acid, and the asso-
ciated water was removed during a period of distillation at
150 °C. After cooling to room temperature, titanium isopro-
poxide and zirconium n-propoxide were added to the solu-
tion and mixed in the flask at 105 °C for 1 h. Ethylene glycol
and de-ionized water were also added during reflux to con-
trol the concentration and viscosity of the solution. A mul-
tiple spin coating procedure was used for the samples to
reach desired thickness. The films were pyrolyzed at 600 °C
for 0.1 h after the deposition of each layer and annealed at
700°C for 1 h after the final layer deposition. Both pyrolysis
and annealing were conducted in a commercial box furnace.
PbO overcoat solution, which was made from lead acetate
trihydrate, was prepared using the similar procedure. An ex-
tra PbO solution layer was coated before final annealing of
the films with thickness equal to or larger than 0.7 um. This
is because in thicker films, a longer time will be spent for the
perovskite phase (which nucleates at the film/electrode inter-
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FIG. 1. Flow chart to prepare the antiferroelectric films.

face) to grow through the film and reach the film surface,
thus allowing more time for lead evaporation and requiring
more PbO at the film surface for compensation. Only by
using the PbO overcoat layer procedure can the films (which
are thicker than 0.7 um) be obtained with single perovskite -
phase and dense surface microstructure. This is also a critical
technique to prepare antiferroelectric ‘thick’’ films (the film
thickness is about 5 um). The discussion on the effect of
PbO overcoat layers is not the objective of this article and
will be published separately.?

Crystallization of the films after annealing was examined
by a Scintag x-ray diffractometer (XDS 2000, Scintag) using
Cu K o radiation (A\=1.5418 A). The x-ray diffraction (XRD)
patterns were recorded at a rate of 2°/min with the 26 range
from 20° to 60°. The microstructure of the films was studied
using a scanning electron microscope (DS 130, Kevex In-
struments, CA). The thickness of the films was measured by
a surface profilometer (Alpha-step 500, Tencor Instruments,
NH) with the films partially etched by using the HF-HNO;
solution. In order to measure the electrical properties, plati-
num top electrodes with a diameter of 1.6 mm were depos-
ited by the rf sputtering method. The low field dielectric
properties were measured using an HP 4274A LCR meter
with an oscillating field of about 10 mV/um. The field-
induced polarization (hysteresis loop) was measured using a
modified Sawyer—Tower circuit with a 50 Hz, triangular
wave form driving signal. All the measurements were con-
ducted at room temperature.

Hil. RESULTS

The x-ray analyses demonstrate that all the films are
single perovskite structure after the annealing at 700 °C. Fig-
ure 2 is the XRD pattern of the 0.74-um-thick PL-1 film.
The lattice indexes of the peaks are given according to
pseudocubic (tetragonal) structure rather than orthorhombic
structure. Preferred (111) orientation is observed for all the
samples, which is (202) plane in the orthorhombic structure.
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FIG. 2. XRD configuration of the 0.74-um-thick PL-1 film.

The similar preferred orientation is also reported by other
groups and is believed to be due to the diffusion of Ti into
the Pt layer, which changed the surface energy and lattice
parameters and promoted the crystallization of (111) perov-
skite by epitaxial nucleation and growth.“"23 Figure 3 is the
scanning electron microscope (SEM) picture of the 0.74-um-
thick PL-1 film, which shows the presence of single-phase
and dense grains with the typical grain size from 0.4 to 0.6
pm. This dense, close-packed surface structure is common to
the films in the thickness range studied.

The thickness dependence of dielectric properties for the
PL-1 and PL-2 films is shown in Fig. 4. The dielectric loss
values are not as sensitive to the film thickness, and are
between 1% and 2% for the PL-1 films and between 2% and
3% for the PL-2 films. However, the dielectric constant de-
creases with the reduction of film thickness, and this decreas-
ing tendency is more obvious for the films with thickness
below a critical value of about 0.4 um.

The field-induced polarization of PL-1 and PL-2 samples
with various thicknesses are given in Figs. 5 and 6, respec-
tively. All these films demonstrate double hysteresis loops,
which confirms their antiferroelectric characteristic. The
quality of the hysteresis loops depends strongly on film
thickness, and the contrast is very explicit for the films with
thicknesses below and above 0.4 um: The films with thick-
ness equal to or larger than about 0.4 um demonstrate zero
remanent polarization, while the remanent polarization is ob-
served on the hysteresis loops for the films with the thickness
less than 0.4 um, which implies the retention of ferroelectric

FIG. 3. Surface microstructure of the 0.74-um-thick PL-1 film.
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phase in these films.'* Moreover, the reduction of film thick-
ness leads to the decrease of maximum polarization (Fig. 7),
and there is a sharp drop on the maximum polarization for
the films with thickness less than about 0.4 um. The smear-
ing or diffusion of field-induced phase switching for the
films with thickness less than 0.4 um can also be found in
Figs. 5 and 6. This phenomenon is especially distinctive for
the PL-1 samples because of the ‘‘square”’ hysteresis loop
characteristic for this composition. Typical ‘‘slanted’’ hys-
teresis loops with gradual phase switching are observed for
the PL-2 samples with thickness larger than about 0.4 pm.
This kind of material is suitable for analog electromechanical
response applications. On the other hand, the films with PL-1
composition and thickness larger than 0.4 um show typical
“‘square’’ hysteresis loops with sharp phase switching. They
are suitable for digital electromechanical applications and
energy-storage capacitor applications.
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FIG. 6. Electric field-induced polarization of the PL-2 films with various
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The phase switching fields for the PL-1 films with thick-
ness larger than 0.4 um are rather explicit, but they are not
so distinctive for the films with thickness less than 0.4 um
because of the smearing of the field-induced phase switch-
ing. In order to study the thickness dependence of phase
switching fields in the whole thickness range, we determine
the phase switching fields for all the PL-1 films using the
method introduced by Brook etal in Ref. 13. That is,
the antiferroelectric-to-ferroelectric (AF— F) and the ferro-
electric-to-antiferroelectric (F— AF) phase switching fields
are determined as the intersections of the two lines represent-
ing the steepest and flattest sections on the forward part and
backward part, respectively, of the hysteresis loops. One ex-
ample to determine the phase switching fields is shown in the
hysteresis loop of the 1.02-um-thick PL-1 film (E; repre-
sents Exr_r and E, represents Ex_, op). According to this
definition it is clear that the AF— F phase switching field

gg4,()5...,w..,,..,...ﬁ,.,...E
g 35t 3
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FIG. 7. Thickness dependence of maximum polarization for the PL-1 and
PL-2 films.
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FIG. 8. Thickness dependence of phase switching fields for the PL-1 films.

represents the field at which the AF—F phase switching
begins to happen and the F— AF phase switching field rep-
resents the field at which the F— AF phase switching is fin-
ished. The thickness dependence of the phase switching
fields for the PL-1 films are given in Fig. 8. It can be seen
that the phase switching fields also decrease with the reduc-
tion of film thickness and there is a sharp drop for the films
with thickness less than 0.4 um. This means that for the
thinner films, much lower fields are required to induce the
AF— F phase switching and to keep the films in ferroelectric
phase. Due to the slanted hysteresis characteristic of PL-2
films, we do not define their phase switching fields in this
work.

IV. DISCUSSION

The reduction in film thickness causes the decrease of
dielectric constant and maximum polarization in these anti-
ferroelectric thin films, which is similar to the variations of
dielectric constant and remanent polarization with film thick-
ness in PZT ferroelectric films. It has been suggested that
these thickness-dependent properties can be attributed to a
number of factors such as electrode/film interface layers,>®
stresses,*?* domain structure transitions,” and grain size
variation with film thickness.> Although the exact influence
of each of these factors is still under study, some researchers
believe that the interface layer between the film/electrode is
the dominant factor,>® and the property changes with thick-
ness can be treated as a simple two-capacitor series circuit:
One represents the PZT layer and another represents the in-
terface layer. The decrease of the dielectric constant and
remanent polarization with the decrease of film thickness is
due to the low dielectric constant and nonferroelectric char-
acteristic of the interface layer. Using this approach, there
should be a linear relationship between 1/¢, and 1/¢, where ¢
is the film thickness. However, the plot of 1/¢€, vs 1/t for
these antiferroelectric thin films indicates an obvious devia-
tion from linearity, as shown in Fig. 9. This means that,
except for the electrode/film interface layer, other factors
such as stresses and grain size variations may also strongly
affect the thickness dependence of dielectric constant and
maximum polarization in the antiferroelectric thin films,
while to distinguish the effect of each factor is beyond the
scope of this article.
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As previously mentioned, the emphasis investigated in
this work is the thickness dependence of field-induced phase
switching. We have noticed that the reduction in film thick-
ness leads to the appearance of remanent polarization in the
hysteresis loops and the smearing of field-induced phase
switching. In addition, the phase switching fields also de-
crease with the decrease of film thickness, which gives the
opposite tendency compared to the coercive field change in
ferroelectric thin films. This proved that the thickness-
dependent phase switching is not dominated by the interface
layer: If it is interface layer dominated, the phase switching
fields should increase with the decrease of film thickness
because more applied voltage will drop on the nonferroelec-
tric interface layer when the films become thinner.

We propose that, for these antiferroelectric thin films,
the residual tensile stress due to the thermal mismatch be-
tween the film and substrate is the most important factor in
affecting the variation of field-induced phase switching with
film thickness. Although we do not know the thermal expan-
sion coefficient of these antiferroelectric thin films exactly,
Berlincourt reported the thermal expansion behavior of a
kind of bulk-type antiferroelectric material with the compo-
sition close to PL-1, as shown in Fig. 10.26 The thermal
expansion coefficients calculated from Fig. 10 are almost the
same for the paraelectric cubic phase P, antiferroelectric
tetragonal phase A7, and antiferroelectric orthorhombic
phase A, with the value of about 8 X 1076/°C. In addition,
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FIG. 10. Thermal expansion behavior of Pbg g7Lag 02(Zr0,935 T 04500.025)03
antiferroelectric material (after Berlincourt, Ref. 26).
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there are sharp contractions of about 0.055% and 0.04%
when the material transfers from P, to A7 and from Ay to
A, tespectively. This sharp contraction at the phase transi-
tion temperature is common for all the antiferroelectric ma-
terials in PZST system because the unit cell always decreases
from Poto Ay and to Ap .26 Sawaguchi et al. also reported
that the linear thermal coefficients of PbZrO; are 8.4
% 107%/°C in both phases above and below the Curie point,
and there is a sharp volume contraction of about 0.27% when
the material transfers from paraelectric cubic phase to anti-
ferroelectric orthorhombic phase.?” Considering the high Zr
contents in the PL-1 and PL-2 compositions and that both of
them are located in the antiferroelectric orthorhombic region,
their thermal expansion coefficients should be close to these
reported data. This indicates that the thermal expansion co-
efficients of these antiferroelectric films are much larger than
that of the Si substrate (the thermal expansion coefficient of
Si is 2.6X107%/°C).2 Due to the larger thermal expansion
coefficients and the volume contraction when transferred
from high temperature paraelectric phase to low temperature
antiferroelectric phase, the films will be under a high tension
state when cooled down from high temperature after anneal-
ing.

Because the AF— F phase switching will cause the unit
cell to expand, the tensile stress will make the films favor the
ferroelectric phase with respect to the increase of volume, as
indicated by Berlincourt et al. for the bulk-type antiferro- -
electric materials.?’ Clearly the stress will be highest in the
regions of the antiferroelectric films closest to the substrate
and gradually decrease further away from the substrate.
Therefore, the effect of tensile stress becomes more signifi-
cant with the reduction of film thickness, which means that
the thinner films are more prone to the ferroelectric phase.
This implies that less energy is necessary to keep the thinner
films in ferroelectric phase, hence the phase switching fields
should decrease with the decrease of film thickness, which is
consistent with our experimental results. The effect of tensile
stress in the thinner films (0.1- and 0.2-um-thick films) is so
strong that it may retain part of the films in the ferroelectric
phase after the field is removed, which causes the existence
of remanent polarization in the hysteresis loops.'* In addi-
tion, part of the films in the ferroelectric phase and more
preference to the ferroelectric phase also cause the field-
induced phase switching to be smeared in thinner films. Due
to the gradually weaker tension effect with the increase of
film thickness, the remanent polarization is gradually de-
creased with film thickness and diminished completely in the
relatively thicker films (thickness >=0.4 um).

V. SUMMARY

Lanthanum-doped PZST antiferroelectric thin films with
compositions in the antiferroelectric orthorhombic region
have been prepared on Pt-buffered silicon wafers using sol—
gel method with acetic acid as a solvent. The films show
dense surface microstructure and pure perovskite structure
with preferred (111) orientation. The thickness dependence
of electrical properties has been studied with the thickness
range from 0.1 to 1.0 um. Similar to the variations of dielec-
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tric constant and remanent polarization in ferroelectric thin
films, the dielectric constant and maximum polarization in
antiferroelectric thin films decrease with the reduction of
film thickness. However, the reduction of film thickness also
leads to the decrease of phase switching fields, the retention
of ferroelectric phase, or the appearance of remanent polar-
ization in the hysteresis loops, and the smearing of field-
induced phase switching. These phenomena related to the
thickness dependence of field-induced phase switching are
explained in view of the high tensile stress on the films due
to the therrnal mismatch between films and Si substrates,
which causes the films to prefer the ferroelectric state.

ACKNOWLEDGMENT

This work was supported by the Office of Naval Re-
search.

'J. F. Scott, Ferroelectrics Rev. 1, 1 (1998).

2L. E. Cross and S. Trolier-McKinstry, Ency. Appl. Phys. 21, 429 (1997).
3K. R. Udayakumar, P. J. Schuele, J. Chen, S. B. Krupanidhi, and L. E.
Cross, J. Appl. Phys. 77, 3981 (1995).

4R. E. Newnham, K. R. Udayakumar, and S. Trolier-McKinstry, in Chemi-
cal Processing of Advanced Materials, edited by L. L. Hench and J. K.
West (Wiley, New York, 1982), pp. 379-393.

5Y. Sakashita and H. Segawa, J. Appl. Phys. 73, 7857 (1993).

SP. K. Larsen, G. J. M. Dormans, D. J. Taylor, and P. J. van Veldhoven, J.
Appl. Phys. 76, 2405 (1994).

7G. H. Haertling, Integr. Ferroelectr. 14, 219 (1997).

8S. Trolier-McKinstry, C. A. Randall, J. P. Maria, C. Theis, D. G. Schlom,
J. Shepard, Jr., and K. Yamakawa, Mater. Res. Soc. Symp. Proc. 433, 363
(1996).

S.B.Ren, C.J. Lu, J. S. Liu, H. M. Shen, and Y. N. Wang, Phys. Rev. B
55, 3485 (1997).

Xu et al.

105 Trolier-McKinstry, P. Aungkavattana, F. Chu, J. Lacey, J-P. Maria, J.
F. Shepard, Jr., T. Su, and F. Xu, Mater. Res. Soc. Symp. Proc. 493, 59
(1998).

W, Y. Pan, Q. M. Zhang, A. S. Bhalla, and L. E. Cross, J. Am. Ceram.
Soc. 72, 571 (1989).

12K. Markowski, S.-E. Park, S. Yoshikawa, and L. E. Cross, J. Am. Ceram.
Soc. 79, 3297 (1996).

3K. G. Brooks, J. Chen, K. R. Udayakumar, and L. E. Cross, J. Appl. Phys.
75, 1699 (1994).

145, S. Sengupta, D. Roberts, J.-F. Li, M. C. Kim, and D. A. Payne, J. Appl.
Phys. 78, 1171 (1995).

15¢C. J. Gaskey, K. R. Udayakumar, H. D. Chen, and L. E. Cross, J. Mater.
Res. 10, 2764 (1995).

168 Xu, N. G. Pai, and L. E. Cross, Mater. Lett. 34, 157 (1998).

7B, Xu, N. G. Pai, Q.-M. Wang, and L. E. Cross, Integr. Ferroelectr. 22,
545 (1998).

18B. Xu, P. Moses, N. G. Pai, and L. E. Cross, Appl. Phys. Lett. 72, 593
(1998).

9], Kanno, S. Hayashi, M. Kitagawa, R. Takayama, and T. Hirao, Appl.
Phys. Lett. 66, 145 {1995).

203, Chattopadhyay, Nanostruct. Mater. 9, 551 (1997).

2'p. Ayyub, S. Chattopadhyay, R. Pinto, and M. S. Multani, Phys. Rev. B
57, R5559 (1998).

2B. Xu, L. E. Cross, and D. Ravichandran, J. Am. Ceram. Soc. (in press).

23T, Tani, Z. Xu, and D. A. Payne, Mater. Res. Soc. Symp. Proc. 310, 269
(1993).

2H. D. Chen, K. K. Li, C. J. Gaskey, and L. E. Cross, Mater. Res. Soc.
Symp. Proc. 433, 325 (1996).

253, Zhu, X. Zhang, Y. Zhu, and S. B. Desu, J. Appl. Phys. 83, 1610 (1998).

26D, Berlincourt, IEEE Trans. Sonics Ultrason. SU-13, 116 (1966).

27E. Sawagushi, G. Shirane, and Y. Takagi, J. Phys. Soc. Jpn. 6, 333 (1951). -

28S. A. Campbell, The Science and Engineering of Microelectronic Fabri-
cation (Oxford University Press, 1996), p. 516.

D, Berlincourt, H. H. A. Krueger, and B. Jaffe, J. Phys. Chem. Solids
Suppl. 25, 659 (1964).




MODELING and
CHARACTERIZATION

Domain Studies



APPENDIX 79




Ferrpelectrics Letters, 1999, Vol. 26 (5-6), pp. 107-116 © 1999 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published by license under the
Photocopying permitted by license onty Gordon and Breach Science Publishers imprint.

Printed in Malaysia

Effect of Electric Field on Domain Formation in
Relaxor Based Pb(Zn;3Nb,/3)03 - PbTiO3 Single
Crystals

UMA BELEGUNDU, X. H. DU, AMAR BHALLA and KENJI UCHINO

International Center for Actuators and Transducers Materials Research
Laboratory, The Pennsylvania State University, University Park, PA 16802 U. S. A

Communicated by Dr George W. Taylor
(Received April 15, 1999)

Domain switching has been observed in 0. 9PZN ~ 0. 1PT single crystals under the influence
of electric field. The crystal being near the morphotropic phase boundary contains two phases
— thombohedral and tetragonbal. The electric field was applied along two principal directions
[001] and [111]. Their formation as the temperature is reduced with the electric field is dis-
cussed here. For electric field along [001]. it was found that a single domain could be induced
in tetragonal phase. When the electric field was applied along (111], the formation of
domains as temperature is reduced are shown to be remarkably similar to those formed when
the temperature is fixed and the concentration of PT varied. This type of domain hierarchy
may be a contributing factor for the high & (electromechanical factor) observed in these crys-
tals.

INTRODUCTION

Relaxor materials such as Pb( Znj/3 Nbys3 JO3 (PZN), Pb( Mgy/3 Nbo/3 )O3 (PMN),
Pb( Scy/3Nba/3 )O3 (PSN) and their solid solutions with PbTiO3 have come into
prominence due to their very high electromechanical coupling factors k1-4. Strain levels

of 1.7% have been observed2: 3 in such single crystals. Currently, these materials are
being studied intensively for actuator / transducer applications in medical imaging.

Among the materials mentioned above, the solid solution of Pb( Zn}/3 Nb2/3 )03 -
PbTiO3 (PZN. -PT) single crystals have the highest reported value of piezoelectric
coefficient d33 = 2000 pC/N and electromechanical coupling factors k33 = 94% 1.2 . The

phase diagram for this system is shown in figure 1. One of the end members of the
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system-PZN, is a relaxor. The relaxor ferroelectrics are characterized by large frequency
dependence of the permittivity, broad phase transition region, tapering off of the
polarization charge. The other end member, lead titanate, (PT) is regular ferroelectric
characterized by the sharp phase transition and frequency independent permittivity. The
éolid solution of this system forms a morphotropic phase boundary (MPB) near PT = 0.09
which ~ show the high values of k33 d33 and elastic constantsd. An issue of great
importance is the direction in which the crystal must be poled to obtain highest k33 value.

These values are obtained when the crystals of rhombohedral composition poled along
[001]. The spontaneous polarization direction for the rhombohedral compositions is along
[111] and for tetragonal compositions is along [001]). However, the mechanism relating
this poling direction and k-value is not very clear. Two aspects for this explanation can

be considered- the crystal orientation dependence of the piezoelectric properties and the

domain motion in relaxor ferrolectrics and possibly their behavior under the electric field.
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Systematic calculations® for the orientation dependence of piezoelectric properties

have been made for PZT. The results show that the maximum k33 and d33 occur in the

direction canted about 50°—60°from the spontaneous polarization direction. Domain
motions in relaxor ferroelectrics contribute towards the piezoelectric properties.

The other aspect, is the domain motion in these relaxor ferroelectric systems under
the influence of electric field. In the present paper, domain motion under the influence of
electric field along [001] and [111] and with varying temeparture is discussed for crystals
of composition 0.90PZN - .10PT. As the composition of the crystal lies near MPB, the
formation of domains when the field is applied along [001] and [111] need to be studied
to have a better understanding of the switching behaviour. As mentioned before [111] is
the spontaneous polarization direction for rhombohedral phase and [001] is the
spontaneous polarization direction for the tetragonal phase. Static domains have been
observed by etching methods’ and TEM®. In the domain studies on PZN - PT crystals
reported earlier. dynamic switching of domains have not been reported. Study of dynamic
domain switching would give us a better understanding of the role of domains in affecting

the piezoelectric properties of the material.

EXPERIMENTAL DETAILS

Single crystals of 0.90PZN - 0.10PT were grown by the flux method. Crystallographic
direction [111] and {110] were then determined using Laue X-ray diffractometer. The
érystal was then thinned down to 90 pm. Sputtered gold was used as electrodes. The
figures shown have the following crystallographic directions. The plane of the paper is
perpendicular to [110] direction. The other directions such as [001] and [111] lie in the
plane of the paper. The electrodes lie at the top and bottom of each picture and the

direction of the field lies in the plane of the paper.
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The domain observation was carried out using Nikon Transmission Microscope under
crossed polarizers. A temprature controlled sample stage (Linkam) was used to vary

the temeparture. A deep focal lens of the objective allowed the electric field to be applied
to the sample. A VCR with the monitor connected to the microscope allowed the data to
be recorded continuously. A function generator was used to apply a triangular wave with

"a frequency of 0.05HZ.

RESULTS

The results are discussed in three parts - domain formation with varying temperature and
no electric field, domain switching with varying temperature and electric field along
[001] and [111] direction.

Domain Formation with Varying Temperature and No Electric Field

The present crystal has co-existence of two phases rhombohedral and tetragonal on a very
fine scale. The rhombohedral domains have spindle like morphology and the tetragonal
domains show clear stripe pattern. At room temperature co-existence of both phases were
observed. As the crystal was heated or cooled down between the two transitions,
rhombohedral phase at lower temperature and tetragonal phase at higher temperature were
observed as is expected from the phase diagram. The domain formation with varying

temperature showed the morphotropic phase boundary to be a region rather than a sharp

seperation.

Domain Switching with Varying Temperature and Electric Field along [001]

The crystal was initially heated to 230°C ( above Curie temp ) and then cooled down with
the electric field. Fig 2 shows the typical domain formation observed during switching
with field along [001] direction and essentially follows the line B in Fig. 1. Initially. color

changes associated with the birefringence are observed. As the temperature was reduced

further to tetragonal phase, the whole region between the electrodes switched in a uniform
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Domain formation in 0.9PZN - 0.1PT single crystals with field along [001] direction. The figures are
shown for one cycle of electric field at different temperatures of the phase diagram.
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manner. It appears that a single domain was induced with field along {001]. As the
temperature is reduced to the co-existence region, the width of the domains reduced and
the stripe pattern associated with the tetragonal phase could be observed. For one
complete cycle of the electric field, rhombohedral phase was induced for zero field values
as the temperature was lowered further. The switching of these domians continued till -
25°C wherupon the freezing of domains occured.

Domain Switching with Varying Temperature and Electric Field along [111]

Figures 3 show the typical domain configuration observed during switching while
reducing temperature for 0.90PZN — 0.10 PT single crystals. Here again the crystal was
initially heated to 230 C and cooled with the field along [111] direction essentially
following the line B in Fig. 1. The field value is 3 kV/cm.. At very high temperature,
clear stripe pattern corresponding to tetragonal state was observed only at the zero field
value of the electric field cycle as the field is applied along [111] direction. As the
temperature reduced to 75°C, corresponding to co-existence region, the stripe pattern
disappeared and long spindle like domains with high aspect ratio and oriented along [111]
were observed. During an electric field cycle. these domains switched between the top
and the bottom surface of the crystal - domains that were darker during the positive value
of the field became lighter during the negative value of the field. The switching of these
domains became slower as the temperature was reduced. Also. the sharpness of these
domains reduces with decreasing temperature. Instead. small spindle like domains with
smaller aspect ratio emerge in between and almost perpendicular the larger domains. The
switching of these smaller domains occur in wave like fashion during the maximum value
of the field. The switching speed reduces as the temperature is reduced the domains

oriented along [111] disappear completely and are replaced by domains of smaller aspect

ratio. A typical domain configuration is shown at -40°C. The domain motion freezes

below -30°C.
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Domain formation in 0.9PZN - 0.1PT single crystals with field along {111] direction. The figures are

Figure 3
shown for one cycle of electric field at different temperatures of the phase diagram.
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DISCUSSION

Some interesting results are obtained when the figures in 4a - 4d are compared to figs 4e-
4h. Figures 4e-4h show the domain evolution as the concentration of PT is changed from
= 0.20 to 0 in (1-x)PZN — x PT single crystals. All the figures are taken from
reference 9 at room temperature with the field of 12kV/cm essentially following the line
A in Fig. 1.
Fig. 2a is for x = 0.2 and shows clearly the tetragonal domains formation. As the x is
reduced to 0.11 (Fig. 2b) and x = 0.05 (Fig 2c), the configuration becomes more complex. .
The domain pattern consists of stripes and the spindles showing the co-existence of both
the phases.

The similarities between the two sets of the domain conﬁguratxon are quite clear.
Figures 4a to 4d show the domain configuration for decreasmg amount of PT content
from x = 0.20 to x = 0.0 ( PZN ); Figures 4e to 4h show the domain changes in the
domain configuration while changing the temperature for one composition of x = 0.10.
Clear stripe pattern corresponding to tetragonal phase are observed at room temperature
for high content of PT (x = 0.2) and at high temperature ( 223 °C ) for x = 0.10 ( MPB
composition). As the temperature is lowered, small spindle with smaller aspect ratio are
observed in between the spindles having larger aspect ratio corresponding to the domain
pattern for composition x = 0.05 and finally, only the smaller domains remain at very low

temperatures which corresponds to the domain pattern of pure PZN.

SUMMARY

The 0.9PZN - 0.1PT showed the co-existence of both rhombohedral and tetragonal phase
at room temperature. The MPB was found to be a region rather than a sharp line.
With the application of field albng [001], single domains could be induced at higher

temperature. For one complete cycle of the electric field, rhombohedral phase was

induced for zero field values at lower temperatures in the co-existence region.
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It can be summarized that the domain evolution with field along [111] and reducing
temperature for 0.90PZN - 0.10 PT crystals are similar to that formed at constant
temperature and decreasing amount of PT content in the crystals. This type of domain

hierarchy in combination with orientation dependence of the piezoelectric properties may
be having some contributing role for the high k observed in these materials. Further

studies 3are required to quantify these results.
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In Situ Observation of Domains In
0.9Pb(Zn; /3 Nby/3)O03 - 0.1PbTiO; Single Crystals

UMA BELEGUNDU, X. H. DU, L. E. CROSS and KENJI UCHINO

International Center for Actuators and Transducers, Materials Research Labora-
tories, The Pennsylvania State University, University Park, PA 16802

Domains in 0.9Pb( Zn, 3 Nbys3 )O3 — 0.1PbTiO5 or “PZN-PT’ single crystals under the appli-
cation of electric field were investigated with an optical microscope. The dynamic response
of the domains was studied under an electric field on PZNPT crystals is reported. In this
study, electric field applied along [001]. The domain formation with the changing tempera-
ture showed the successive phase transitions from cubic to tetragonal and then to rhombohe-
dral with decreasing temperature. The room temperature configuration showed the
co-existence of both rhombohedral and tetragonal domains. Under the given experimental
conditions we found that a single domain state could be induced only in the tetragonal state.
Even though the temperature was lowered to - 100°C, complete transformation to the thom-
bohedral state was not observed.

Keywords: Relaxor Ferroelectric; Domain studies; Single crystals

INTRODUCTION

Relaxor materials such as Pb( Znys Nbays )O; (PZN) and their solid
solutions with PbTiO; (PT) have come into prominence due to their very high
electromechanical coupling factors k2. In 1982, Kuwata, Uchino and Nomura
discovered that poling along the [001] direction for rhombohedral crystals led
to a very high value of k33 of 92%. Since the spontaneous polarization direction
for the rhombohedral symmetry is along [111] direction, some hierarchial
domain configuration is expected in the [001] poled sample. In general, the
properties such as permittivity and piezoelectric properties are significantly
affected by the domain motion. It is well known that the relative volume of
domain orientation can be changed by the application of electric field in
ferroelectrics and that these relative volumes affect the properties. In the
present experiment, we have tried to understand and identify the various
domains formed in the crystal under the influence of electric field.
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PZN, is a relaxor ferroelectric’ with a broad and frequency dependent
phase transition near 140 °C and PT is a regular ferroelectric with a sharp
phase transition at 490 °C. PZN has rhombohedral symmetry and PT has
tetragonal symmetry. The composition chosen lies at the morphotropic phase
boundary of the solid solution of these two systems.

For the present studies, single crystals 0.9PZN-0.1PT composition were
grown in the laboratory. The different domains formed, their switching
behaviour due to temperature variation with field applied along [001] direction,
is reported herein.

PREPARATION OF THE SINGLE CRYSTAL SAMPLE

Single crystals of 0.9PZN- 0.1PT composition were grown by the conventional
flux method. The crystallographic direction [011], [001] and [11 1] were
determined by Laue Back Reflection method. The plate of the crystal lies in
(110) plane so as to apply the field along [001] direction. The sample was then
ground to a thickness of 100 um using SiC powder and polished to mirror
finish using diamond paste. Sputtered gold electrodes were deposited and
silver lead wires were connected to the sample using air dry silver paste. The
surface electrode gap was 400 pm.

The domain observation was carried out using Nikon Transmission
Microscope under crossed polarizers. A temperature controlled sample stage
( Linkam ) was used to observe the domains as a function of the temperature.
A VCR with the monitor connected to the microscope allowed the data to be
recorded dynamically. A function generator was used to apply a triangular
wave type with-a frequency of 0.05 Hz ( 20 sec period ) and the maximum -
value of 7 kV/cm to the sample. The temperature of the crystal was changed
from —100° C to + 250° C at the rate of 10° C/min. In the figures given, the
electrodes are located at top and bottom of the pictures. The plane of the
picture ( plane of the crystal ) is perpendicular to [110] and [001] lies along top
to bottom of the picture.

RESULTS

The 0.9PZN-0.1PT crystal showed the co-existence of both the rhombohedral
and tetragonal domains at room temperature. “Needle shaped” domains are
associated with rhombohedral symmetry and the “stripe pattern” with the
tetragonal domains. As the temperature was lowered to -37°C, the needle
shaped domains associated with rhombohedral symmetry emerged more
clearly. Some tetragonal distortion remained at -100°C and complete
transformation to rhombohedral state was not observed probably due to spatial
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composition variation in the crystal. As the sample was heated, the transition
from rhombohedral to tetragonal occurred over a wide temperature range and
complete tetragonal state was observed at 90° C. With increasing temperature,
these tetragonal domains increased in width to 40 um finally disappearing at
228°C. On cooling, these domains appeared around 225°C, finally having a
mixture of both tetragonal and rhombohedral domains at room temperature.
The domain patterns at different temperatures, while heating are shown in Fig.
la, 1b, lc.

On application of the field = 7kV/cm, the color changes associated with
the birefringence occurred at 220°C. As the temperature was reduced, no clear
stripe pattern associated with tetragonal domains was observed. Rather, the
whole region between the electrodes switched in uniform manner. A small
number of stripes were observed near the electrodes possibly due to electrode
effect. Figure 1f shows the domain pattern at 148°C with the application of the
field. Figure lc shows the clear tetragonal pattern obtained at the same
temperature without field. This temperature corresponds to stable tetragonal
state with the polarization direction along [001]. Since in our experiment, the
field is along [001] almost monodomain tetragonal phase was achieved,
providing a few number of domain walls.

On further cooling near 135° C, some interesting results were observed.
As mentioned above, complete tetragonal state was observed above 90° C
without the electric field. Figure 2 shows the domain formation at zero field
and maximum applied field at 125° C and 85° C. Figures a and ¢ correspond to
zero field, where a domain resembling a “needle” needle shape was induced.
These disappeared for the maximum value of the field (Fig 2. b and d ). The
switching of these speculated rhombohedral domains took place in wave like
motion. It appears that the rhombohedral phase is being induced at this
temperature. Also the reduction in tetragonal domain width and the increase in
their number began at this temperature. As the temperature was reduced
further, these rhombohedral domains split into smaller needle shape
microdomains®. This is shown in Fig. 1d. The switching of the domains
continues till -25°C and freezes thereafter. Below this temperature, the
rhombohedral domains increase in number.
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c)T=125°C

Fig. 2 Domiain formation at zero field and maximum applied field of 7 kV/cm at 125° C and 85°
C. Figures a) and c) correspond to zero field, where a domain resembling a “needle”
(needle shape) was induced. ( indicated by the arrow). The plane of the photograph is
perpendicular to [110], the relavent crystal directions are shown in the Fig. 1 a).
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OBSERVATION OF FERROELECTRIC
DOMAINS IN LiTaO3

WENWU CAO* and SHINING ZHU

Materials Research Laboratory, The Pennsylvania State University,
University Park, Pennsylvania 16802, USA

(Received in final form 17 July 1998)

Periodic and partially reversed 180° domain patterns in LiTaO; single crystals, engineered
through pulse poling, can be directly observed by using environmental scanning electron
microscopy (ESEM) in secondary electron emission mode. The ESEM technique does not
require surface treatment and can be used to observe ferroelectric domains on a natural cracked
surface in a bulk material. This is very important since the domain patterns obtained by this
technique can truly represent the domain configurations in a bulk. The domain structures are
confirmed by chemical etching and scanning electron microscopy. The ESEM gives stable and
high resolution images.

Keywords: ESEM; Ferroelectric domains; SEM; TEM; domain switching; LiTaO;

PACS Numbers: 61.16Bg; 77.80Dj; 61.72Mm; 77.22Ej

INTRODUCTION

There has been a long debate regarding if the domain microstructures
observed by using transmission electron microscopy (TEM) really reflect the
true domain configurations in bulk materials. The reason is that the TEM
samples must be thinned to a foil to allow the penetration of electron beam.
Practically speaking, the samples become 2-dimensional and the boundary
conditions are totally changed from that of the original 3-D bulk. If we
assume that the system being observed is in thermodynamic equilibrium,
then the domain pattens will change as the sample is being thinned down
due to the release of constraints from one of the dimensions. In other words,

*Corresponding author.
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28 W. CAO AND S. ZHU

the only way to preserve the bulk domain structure in the thin foil is to lock
the system in a metastable state. This may be achieved for systems with a
paraelectric—ferroelectric phase transition temperature much higher than
the processing and observation temperatures, for example, the lead
zirconate titanate which has the transition temperature of 375°C."
However, in general, it becomes questionable if the domain structures
observed by TEM really reflect the pattern in a 3-D structure, particularly
when the transition temperature is relatively close to the observation tem-
perature. In many cases, the change of domain microstructures due to local
electron beam heating is clearly visible under the microscope. As a result, the
TEM observations can not convincingly prove or disapprove the theoretical
prediction of the relationship, D « v/, between the domain size D and grain
size L

With the development of fine structure materials, the study of domain
microstructures become increasingly important for materials engineering to
produce materials of improved properties, such as high dielectric, piezo-
electric and elastic properties. With the problem of low resolution of optical
microscopy and the geometrical limitation of the TEM, there is an urgent
need to develop better means for the observation of domain microstructures
in a 3-D structure.

The traditional techniques used in domain pattern observation include
optical microscopy, scanning electron microscopy and transmission electron
microscopy. The first two techniques require the sample surface being etched
so that a topographic pattern appear due to different etching rates in
domains of different polarity or at the domain boundaries where are high
stress concentrations. The acid etching not only leads to damaged surfaces
but also could not distinguish the topograhic pattern of defects, stress
concentrations and polarization effects. The resolution of the etching
technique is also too low to give subtle details of submicron domains and
domain walls. While the TEM technique does not need surface etching and
has high resolution, the samples need to be thinned down to a very thin foil
of less than 1000 A in order to allow the electron beam to penetrate through
and to avoid the overlapping of layered domain images. Therefore, the
domain structures obtained by TEM may not account for the domain
patterns in a 3-D structure. The scanning force microscopy has opened up a
new method to study the domain structures in ferroelectrics, ! it has shown
a great success for TGS which has atomically flat cleavage planes,
however, the interpretation of the images for a general ferroelectric system is
still not satisfactory. The demand on the sample surface makes it difficult to
be used for a general ferroelectric system.
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In recent years, a new method began to evolve using low current scan-
ning electron microscopy (SEM) to observe unetched ferroelectric materi-
als. ¥~ 1% The basic idea is to use low accelerating voltage and low current to
reveal adjacent domains of opposite polarity in secondary electron emission
mode. The technique does not require etching but the images only appear
for certain length of time. The key to obtain the polarization domain images
using the low field secondary electron SEM method is to avoid surface
charge accumulation onto an insulating crystal from electron beam depo-
sition. The choice of probe current and accelerating voltage are very critical,
no contrast can be found if the parameters are not properly chosen. In
addition, the contrast image is short-lived, it disappears under the
illumination of electron beam after a few seconds to, at most, a few
minutes. The observable time for the constrast image shortens with the
increase of accelerating voltage. Consequently, it is not possible to obtain a
contrast image with high resolution 1451 que to the insufficient number of
electrons to brighten the contrast image.

Recently, we have tried to use the environmental scanning electron
microscopy (ESEM) for the observation of ferroelectric domains in LiTaO3
and achieved an amazing success. '] Because the ESEM !> '3 can operate
at pressures ten thousand times higher than that of standard SEM, the free
ions created by collisions between moving electrons and neutral gas mole-
cules can provide a conductive path for beam-deposited surface charges.
This allows us to observe unprepared, uncoated insulating samples with
high resolution. More importantly, the domain contrast obtained from
ESEM is very stable, the images are unchanged for several hours in the case
of LiTaOs crystals.

SAMPLE PREPARATION

The samples used in our experimetns are LiTaO; with engineered periodic
and triangular domain structures. Starting with a monodomain c-cut single
crystal of 3m symmetry, the spontaneous polarization P; is reversed in
selected regions using a pulse electric field at room temperture. (141 pre-
liminary examination of the domain structures in a poled LiTaO; sample
can be made by optical microscopy on an etched surface. The procedure
described in Ref. [14] consists of making two kinds of aluminum electrodes:
one is periodic, and the other is uniform plane. Through pulse poling, stripe
and triangular shaped domains were produced by using these two kinds of
electrodes mentioned above. Both the level of poling field and the duration
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of the pulse can influence the final domain pattern in the system. More
details of th fabrication technique has been discussed elsewhere in Refs.
[14-15].

DOMAIN OBSERVATION

The domain observations were performed using an ESEM (ElectroScan
Model E-3, Wilmination, MA) in secondary electron emission mode. For
comparison, we have performed the experiments in two stages:

First, a periodically poled sample was etched in a solution containing 2
parts HNO; and 1 part HF for 15 hours at room temperature. The etched
sample was attached to an aluminum sample mount using a double faced
tape for observation. The aluminum sample mount was grounded. Figure 1
is a schematic diagram of the experimental arrangement and the crystal
orientation of the sample.

ELECTRON
BEAM
1
1
1
1
1
1
1
|
[ ]
| DETECTOR "\ : /" DETECTOR |
1
+ [001] :
! SAMPLE
{100) T
’/[010] MOUNT
( tonducter)

L

FIGURE 1 Schematic diagram of the experimental arrangement and sample orientation.
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The unit vectors for the Cartesian coordinate system was chosen as the
following: z is along the poling direction, y is in one of the mirror planes of
the symmetry group in z = 0 plane and perpendicular to z, and X is per-
pendicular to y and z.

Under normal observation conditions, viz.. Wet mode, Chamber
pressure = 3—3.5Torr, Accelerating voltage = 15kV, Condenser = 40,
Scan rate = 8—30sec./frame and beam aperture size = 30um, we got a
topographic image of the periodic domain pattern on the original +c
surface, as shown in Figure 2(a), which is in [001] of the orthogonal
coordinate system described above. Water vapor was chosen as the imaging
gas. In the image obtained, the surfaces of —P; domains are lower than that
of + P, domains. The formation of the surface steps is due to different
etching rate of positive and negative domains in the acid. A wider stripe and
some island domains shown in the figure are attributed to imperfect poling
or stress concentrations. One can see that the contrast image only outlines
the domain boundaries which are brighter than the interior of domains,
reflecting the fact that more secondary electrons are emitted at the edges of
the etching steps. No contrast was revealed between the positive and
negative domains due to the screening of the polarization P, by the probing
current. In other words, the positive and negative domains have nearly equal
secondary electron emission rate if the depolarization field is screened by the
charged ions and the beam deposition electrons.

In the second stage, the etched sample was taken out from the chamber
and the [001] surface was polished. When the polished sample was re-
examined using ESEM under the same condition, nothing interesting was
seen except some topographic images of polishing scratches on the surface.
We then changed the experimental conditions by decreasing the chamber
pressure, decreasing the condenser setting and increasing the accelerating
voltage, magically, contrast stripes began to appear (shown in Fig. 2(b)) and
they stay stable. The locations and shapes of the contrast patterns in Figure
2(b) exactly match the etched patterns in Figure 2(a). This confirms that the
contrast stripes are originated from the anti-parallel domains.

With a slight tilt of the sample, we could simultaneously observe the
previously etched patterns of the periodic structure on [010] surface of the
sample which was not polished (see the bottom of Fig. 2(b)). The image
patterns on the two adjacent [001] and [010] faces are consistent. However, if
we tilt the sample to the [010] surface which was polished, not contrast
stripes were found. This means that only the polar surfaces can show the
domain contrast images, which indirectly telling us that the images are
related to the unscreened portion of the depolarization field.
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FIGURE 2 Comparison of ESEM images of a surface portion in a c-cut ‘LiTa03 with
antiparallel domains: (a) Etched surface; (b) Polished surface.

In the ESEM technique, the visualization of domain contrast is also
independent of surface roughness. We could clearly observe the contrast
image of domains on a crack surface as shown in Figure 3 with appropriate
experimental conditions. The sample in Figure 3 was partially poled under a
pair of uniform plane aluminum electrodes. After poling, the electrodes were
removed in NaOH solution which only resolves the aluminum but not the
LiTaOs; crystal. In Figure 3 some triangular domains with positive polarity
are shown as lighter regions on the dark background of negative polarity.
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Such triangular domain pattern was produced by using a moderate field,
E = 21 kV/mm. The sides of the triangles corresponding to domain walls are
parallel to crystallographic x-directions. The domains in Figure 3 have
different sizes, which reveals that the polarization reversal in the LiTaO,
crystal is through nucleation and growth mechanism. At first, large number
of inverted domains are nucleated at different sites, then they grow and
coalesce to complete the domain reversal process in the single crystal system.
Using a scanning electron microscope on a polished surface of a c-cut
LiTaO; crystal, we have confirmed our domain pattern observations shown
in Figure 4. In comparison with Figure 3, one can see the difference between
the two imaging methods. Here the image is formed through piezoelectric
effect, ie., the surface charge accumulation expands the positive polar
regions to give a topographic image on a negative polar background. [16] The
density of the secondary electrons produced by the positive and negative
polar regions are apparently the same in the SEM secondary electron
method, since the image intensities are the same except at the domain
boundaries.

1100}

10tm

FIGURE 3 ESEM image of a crack surface of LiTaO; crystal with nearly [001] orientation.
The sample was partially poled by a poling field of E = 21 KV/cm. The triangular anti-parallel
domains with positive polarity are shown as brighter regions on the darker background.
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FIGURE 4 SEM secondary electron image of partially reversed domains in a LiTaO, single
crystal. The triangular domains are positive polar regions in a negative polar background.

CONCLUSIONS

In conclusion, we have successfully observed stable contrast image of anti-
parallel domains in poled LiTaOs; single crystals using ESEM technique.
The images obtained from ESEM are further confirmed by chemical etching
and the SEM secondary electron microscopy on polished surfaces.

The ESEM technique is very promising for the study of domain
configurations in a 3-D bulk since it allows us to directly observe anti-
parallel domains in an unprepared insulating sample surface. Because the
techngiue allows the use of higher accelerating voltage with higher
magnification, much better resolution than that of the low voltage low
current SEM can be obtained. The technique also allows the measurement
of rough surfaces, providing a reliable way to study the true 3-D domain
configuration without the influence of polishing damages to the sample
surface.
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The 180° ferroelectric domains. engineered through field poling in single crystalline LiTaO; were
directly observed by means of scanning electron microscopy (SEM) on its polished polar surfaces
without metal coating. Two kinds of domain images. the brightness-contrast image and topo-
graphic-boundary image. were found with slow scan rate under the condition of a cathode voltage
of Vo=3to 5 kV and a probing beam current of [, = (4 to 20) x 10~"'A. They appeared at the
initial and subsequent frames of scanning. respectively. The formation of these two kinds of images
is explained as pyroelectric and piezoelectric effects which originated from the beam electron heat-
ing and the charge accumulation on the top surface of a LiTaO; crystal.

1. Introduction

The study of domain microstructures becomes increasingly important for materials engi-
neering. Therefore, visualization of domains has gained broad interests in both physics
and materials science communities. Since the 1980’s, scanning electron microscopy
(SEM) has been used for the observation of ferroelectric domain structures by Le Bihan,
Sogr, and others [1 to 3]. Some useful ferroelectric crystals, such as BaTiOs. LiNbO; and
KTiOPO.. have been studied by using this method [4 to 6]. For most ferroelectric crys-
tals. the secondary electron emission vield is close to one under the condition of a prob-
ing beam electron energy E ~ 1 to 5 keV. Therefore. there is no severe charge accumu-
lation on the surface of an insulating sample.

LiTaO; is also an important ferroelectric crystal possessing excellent optical and
acoustic properties [7]. The 180° engineered domains in the crystal have been used for
the generation of second and third harmonics of laser radiation by quasi-phase-match-
ing. and the excitation and reception of high frequency acoustic wave [8 to 10]. The
domain structure in a poled LiTaO; sample can be evaluated by optical microscopy on
its etched surface. In order to eliminate the damage of etching in the study of domain
configuration. it is desirable to develop new convenient nondestructive methods for the
observation of engineered domain patterns on an unprepared polar surface of a LiTaO3
crystal.

Recently. we have successfully observed a 180° domain contrast by using the environ-
ment scanning electron microscopy (ESEM) technique [11]. The ESEM observation is
performed under finite atmosphere pressure. Up to now, there are no reports on char-
acterizing the domain structure of LiTaO; using conventional SEM. This paper reports

!} Permanent address: National Laboratory of Solid State Microstructures and Physics Depart-
ment, Nanjing University, Nanjing 210093. People’s Republic of China.
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our SEM results and analvzes the interesting physical principles associated with the
images.

In conventional SEM, the sample is put in a high vacuum chamber with a pressure
p < 107° Torr. Therefore. the observation can only be performed under the conditions of
a low acceleration voltage and a small beam current in order to avoid severe charge accu-
mulation on the insulating surface of the sample. Two kinds of domain images of LiTaO5
were found in our SEM observation: brightness-contrast images and domain-boundary
images. They appeared at the initial and subsequent frames of scanning, respectively.

2. Experimental Conditions

The probed samples with 180° anti-parallel domains were fabricated by using pulse-
field poling on a single domain LiTaOj crystal at room temperature [12]. Under differ-
ent electrodes, i.e. stripe and plane electrodes. two types of domain morphology were
produced exhibiting stripe and triangular shapes. respectively. The samples were ~0.5 mm
thick with a pair of parailel polar surfaces. The poled samples were first etched. Some
inverted domains with triangular shape or stripe shape on the —c and +c faces were
confirmed by optical microscopy. Afterwards. the etched surfaces were re-polished in
order to remove the topographic domain patterns and the samples were transferred
into the SEM sample chamber. The bottom surface of the sample was loosely fixed to a
conducting holder and the probing beam current [, was directed towards the surface.
The conducting sample holder was connected to the ground as shown in Fig. 1. The
SEM investigations were performed with a scan rate of 8 to 20 s per frame by using a
JEOL JSM-6300 scanning electron microscope in the secondary electron emission
mode. The experimental conditions are as follows: chamber pressure p <10~° Torr,
probe current I, =4 to 20 x 10~** A. and a cathode voltage of V;=3 to 5 kV. The
small probe current and the low voltage ensure a longer effective observation time.

CATHODE

E-T DETECTOR

0

Fig. 1. Definition of the electrical potential levels of the experimental set-up
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Fig. 2. Sum of the secondary and
k backscattered electron vield versus the
(+) , effective acceleration voltage V, of the
probing beam electrons for an insulat-
5+n>1 ing crystal
=
T o+n<l
bO E\
Lo
v, Vv,

When the primary probing beam scans the surface of the sample, the irradiated sur-
face emits secondary and backscattered electrons. The total emitted electron coefficient
0+ 7 as a function of the acceleration voltage V, of the probing beam electrons is
shown in Fig. 2. where ¢ and 7 are the yields of secondary and the backscatiered elec-
trons of the sample. respectively. and V- is the voltage at the equilibrium point at which
the sum of the emitted electron coefficient is unity. 6 + 5 = 1. If the cathode voltage Vy
can be set to V=V, the charges directed to the sample by the probing beam would
be the same as the totallv emitted charges. Thus. no net charge accumulation would
occur on the top surface of the sample. If the cathode voltage Vj is set to be greater
than V>, we obtain the condition of 6 + < 1. which means that the sample is charged
negatively that produces a negative voltage V; across the sample. The acceleration vol-
tage V, =V, — V will continue to increase until V, = V5. If the cathode voltage can be
set to V, < V.. more electrons are emitted and the sample will be charged positively
until V, =V, + V, = V. With the approximation of a parallel plate capacitor. the electri-
cal potential of the top surface can be written as V; = (q/)/(egoa®), where q. [ and a are
the surface charge. the sample thickness and the beam radius, respectively, while ¢ and
£o are the relative dielectric constant and free space permittivity, respectively. When
0 + n # 1. the effective potential from the cathode to the sample surface V, is equal to
Vo + |Vs] for Vi <0 and V — |Vi| for V> 0 [13.14]. In our experimental conditions,
the cathode voltage was set to V> V), based on the fact that the sample surface was
negatively charged during the scan.

3. Resuits and Discussion

Two kinds of SEM contrast images were obtained in our experiments. The first was a
brightness-contrast image between the positive and negative domains, and the second
was a domain-boundary image. The brightness contrast was shown only at the initial
frame of probing electron beam scanning. The image of positive domains was brighter
than that of the negative domains as shown in Fig. 3. This means that the secondary
electron emission vield from the surface of positive domains is larger than that from the
surface of negative domains. In the subsequent frames. the brightness contrast disap-
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o L M SRt
Fig. 3. Domain contrast on the —c polar surface of a LiTaOjs single crystalline surface at the initial
scanning frame. The triangular positive domains surrounded by the negative domains are brighter

pears while the domain boundary contrast begins to appear. Fig. 4 reveals a topo-
graphic image with the higher lying surface to be the positive domains. The topographic
origin of the image can be seen from the shadowing effect in Fig. 4. Some authors also
reported similar results in their SEM observations of KTP [15]. These two kinds of
contrasts can be of different physical origin as analyzed in more detail below.

Fig. 4. In the subsequent frames. only a boundary contrast can be observed on the polar surface of
the LiTaOs sample
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3.1 Pyroelectric imaging

Single crystalline LiTaOs is a ferroelectric material revealing strong pyroelectric and
piezoelectric effects. These effects allow secondary-clectron emission from the opposite
polar surfaces or their boundaries to have different vield rates which produce domain
images.

According to our experimental conditions and the material parameters of LiTaO3, we
can roughly estimate the influence of these effects on the parameters of the secondary-
electron and backscattered-electron vields. & and 7. respectively. The average energy
per incident electron is E, = ¢V, before they hit the sample. A portion of this energy is
used to excite the secondary and backscattered electrons. while the rest of this energy
is absorbed by the sample and is converted into heat. Since. the thermal conductivity of
the sample is finite, there will be some temperature difference AT between the irra-
diated region and the rest of the sample. This temperature rise can be estimated by
using the following formula:

1g{Io(Ea = 0E, —nEy)/e — L} (1)
- voc,

AT

where [, is the probe current, e = 1.60 x 10~'9 C is the basic charge unit. v=nah is
the irradiated volume. / is the average penetration depth of the electron. a is the beam
radius, ¢, is the heat capacity per unit volume, o is the density of crystal. E and E, are
the averaged energies of secondary and backscattered electrons. The dwell time t4 of
the probing beam can be evaluated from its line scan length and line scan time. In Eq.
(1), the product 4l E,/e is the incident energy of probing beam electrons. If this energy
is totally converted into heat, the temperature rise in the irradiated local region for a
LiTaO; crystal —o = 7.456 gcm™ [16] and ¢, = 0.424] g~ K-! [17] - could be near
100 K. However. a real temperature increase is much lower than this estimated value
because two factors prevent the local temperature rise. In Eq. (1), talo(0Fs +nEyp)/e
represents the energy carried away by backscattered and secondary electrons. and L is
the energy loss related to the thermal conductions. According to Ref. [18]. a tempera-
ture rise of a few degrees Celsius was determined for some bulk samples with a typical
SEM probing beam current of [, =1 x 10~° A [18]. In our case, the beam current was
smaller but the scan rate was slower. Thus, it is expected that an increase in tempera-
ture of the same order of magnitude compared to the reported values occurred in the
irradiated local region. This rise in temperature can generat a pyroelectric potential on
the sample surface given by

# ATh @)

0 = .
PT €0€

where x is the pvroelectric coefficient of the sample. For single crystalline LiTaO; [17],
%= —17.6 x 10->CK~'m~2 and ¢ = 43.4. Assuming a small local rise in temperature of
AT =~ 3 K. the generated surface potential will be Upyro = =25 V (+23 V) for the
positive (negative) domains. Therefore, the pyroelectric potential difference AUpyro be-
tween the positive and negative domains can amount to 5.0 V. This potential difference
is large enough to produce a potential contrast on the surfaces of the positive and
negative domains because secondary electrons are low in energy (less than 10 eV) mak-
ing them sensitive to the effects of surface potential and the electric field gradients. If
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Upyro = +2.5V for the negative domains. the secondary electrons with energies less
than 2.5 eV will not escape the sample. Thus. a smaller amount of electrons will be
detected by the Everhart-Tornley detector. On the other hand. the thermally induced
bias of —2.5 V for the positive domains — as calculated above — will act as a booster
for the escape of secondary electrons and. hence. a larger amount of electrons will
arrive at the detector. Experimentally, a higher vield of the secondary electrons was
observed for surfaces of positive domains making them brighter which is consistent
with our analysis. According to the above discussions, it is obvious that the contrast
resulting from the pyroelectric effect is a reflection of electrical potential contrast [19].
We expect that the same effect can be produced by applying a pressure to a multi-
domain single crystalline sample since the piezoelectric effect induces an electric poten-
tial difference between the end faces of the positive and the negative domains.

LiTaO; is a good insulator with a very small electrical conductivity
(0<107" Q' m™') [20]. In the case that the cathode voltage V> V5 and the total
emitted electron coefficient 6 — n < 1, the electrons tend to accumulate on the irra-
diated surface, producing an additional electric field in the interior of the sample. In our
experiment (20 s/frame), the dwell time ¢4 of the probeing beam is approximately 10735,
therefore. the incident charge density per frame is estimated to be 2 x 10~ C/cm? The
effective charge density for the surface build up was much smaller because a significant
fraction of the charge was scattered and emitted in the form of secondarv electrons.
These accumulated charges can be dissipated through the Maxwell relaxation process
with a typical relaxation time of r,, = egg¢/0. For a LiTaO; crystal, the relaxation time is
T;m > 30 s. Therefore. the accumulated charges cannot be sufficiently relaxed within the
dwell time r4. There are still remaining charges on the surface from the previous scan
even after the frame interval time f; (=20 s). This charge accumulation will cause the
reduction of the effective acceleration potential V, between the sample and the cathode
causing reduction of the velocity of the injected electrons. The situation will continu-
ously accompany the scan process until the condition 0 +# = 1 is reached. at which
time, the total charges on the sample surface reach a dynamical equilibrium.

Before the dvnamic equilibrium is reached. the amount of surface charges is time-
dependent and follows the simple rule of q =go(1 — ™), where g is the surface
charge at equilibrium. ¢ is the observation time. and 7 is the effective relaxation time.
This time t depends on the conductivity of the sample, the voltage and the current of
the probing beam. the quality of vacuum in the chamber, and so on. Thus. the surface
potential V can be written as

Vi=(Vo—Vy)(1—e™""). 3)
The average energy of an incident electron becomes
E,=e(Vy— V) =eVs +e(Vy— Va) e T, (4)

When the observation time ¢ >> t, the average energy E, approaches V.. Equation (4)
indicates that the energy of the probing beam is a function of the observation time .
At the initial stage of scan, V=0, E, = eV;. According to Egs. (1). (2). (3). and (4),
the resulting surface pyroelectric potential can be estimated as

#lpta[Va + (Vo — Vo) e~ = L] s

pyro =

go€Tatc,0




Imaging of 180° Ferroelectric Domains in LiTaO; by Means of SEM 501

where L represents the total energy loss as in Eq. (1). The pyroelectric potential on the
LiTaO; surface will decrease monotonously with time during the scan process. The sur-
face potential V; of the positive and negative domains will differ by 2Upyro. When the
observation time is short. i.e. < r the surface potential V= Upyro and the dominant
effect producing the image is the pyroelectric potential. On the other hand. when ¢>> 7,
V> U,y and the potential difference between the positive and negative domains be-
comes negligible. The pyroelectric image fades away rapidly with the increase of Vi
Experimentally. the pyroelectric domain contrast can only be observed unambiguously
in the first frame of the scan.

3.2 Piezoelectric imaging

The piezoelectric effect becomes more and more visible with the build up of the surface
potential V, which leads to a topographic domain pattern. The electric field induced by
the surface charge accumulation along the thickness direction is E = VI, where [ is the
thickness of the sample. which induces an elastic strain of S = Alll = d3; E in the poling
direction through the converse piezoelectric effect. For LiTaOs, ds3 = 9.2 x 1072 CN!
[21]. Thus. the surface displacement Al is given by

Al =dy3V, = d33(V0 - Vi)l — e™t ). (6)

When 3> r and V, ~ 3kV. Al ~ =0.03 um. For positive domains. the electric field vec-
tor E is parallel to the polarization vector P so that the displacement Al is positive. The
electric field vector E is anti-parallel to P for the negative domains resulting in a nega-
tive displacement Al Since the bottom side of the sample surface is only weakly fixed
to the sample holder and free to deform. the surface displacement difference between
the positive and negative domain on the top surface is only 0.03 um. The domain-
boundary contrast is a topographic one. which originates from the high surface poten-
tial built bv the beam deposited charge accumulation. In Fig. 4 the boundaries between

Fig. 5. Domain image of a periodically poled LiTaO5 sample
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the positive and negative domains indeed show sub-micron steps. We also observe the
boundary contrast for lower values of Vi (Vo= 3 kV); the image was the same except
of a shallower boundary step as expected. This fact revealed that the equilibrium poten-
tial V5 of the secondary electron emission in LiTaO; is lower than 3 kV. We used the
SEM technique to check LiTaO; samples poled periodically and quasi-periodically and
satisfactory images were obtained in both cases. Fig. 5 is an image of a periodic domain

structure of a LiTaOj3 surface.

4. Conclusions

In conclusion, the two different kinds of domain contrast images, ie., the brightness
contrast and the domain-boundary contrast. were observed on the polar single crystal-
line surface of LiTaO; by using conventional SEM. At the initial frame. the pyroelectric
potential leads to different secondary-electron yields from the positive and the negative
domain surfaces and. thus, forming a brightness contrast and produced a domain image.
The topographic domain patterns were produced by the piezoelectric effect in subse-
quent scan frames with the increase of the charge accumuiation at the polar sample
surface due to the insulating nature of the sample. Hence, a domain boundary image
was observed. Our results showed that the 180° anti-parallel engineering domains of
single crystalline LiTaO; surfaces can be imaged by the conventional SEM under the
conditions of non-surface etching and non-coating. This establishes a nondestructive
method for the observation of the engineering domain structures of single crystalline

LiTaOj; samples.
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References

R. LE BiHAN, Ferroelectrics 97. 19 (1989).

A. A. SoGr and L. B. KopyLova, Ferroelectrics 191, 193 (1997).

. SKLIAR et al.. Ferroelectrics 191. 187 (1997).

. ROSENMAN. A. SKLIAR, Y. LAREaH et al., . Appl. Phys. 80, 7166 (1996).

. V. RosHcHUPKIN and M. BRUNEL, Scanning Microscopy 7, 543 (1993).

. Ozak. K. Funit. and S. Aovagt, J. Appl. Phys. 80, 1697 (1996).

_XU. Ferroelectric Materials and Their Applications, North-Holland Publ. Co., New York 1991.

N. Znu, Y. Y. Zuu et al., Phys. Rev. Lett. 78, 2752 (1997).

N. Zuu, Y. Y. Zuu, and N. B. MinG, Science 278, 843 (1997).

_F. CHEN, S. N. Znu, Y. Y. Zsu, and N. B. MING, Appl. Phys. Lett. 70, 592 (1997).

N. Zuu and W. Cao, Phys. Rev. Lett. 79. 2558 (1997).

.N. Zuu, Y. Y. Zuu et al.. J. Appl. Phys. 77, 5481 (1995).

. LE BiHan and M. MauUssioN, Rev. Phys. Appl. 9, 427 (1974).

. R. THORNTON, Scanning Electron Microscopy, Chapman & Hall, London 1968.

15] G. ROSENMAN et al.. Phys. Rev. B 54, 6222 (1996).
S. C. ABRAHAMS and S. C. BERNSTEIN, J. Phys. Chem. Solids 28, 1685 (1967).

17} H. P. BEERMAN, Infrared Phys. 15, 225 (1975).

18] 1. 1. GoLpsTEIN, Scanning Electron Microscopy and X-Ray Microanalysis. Plenum Press, New
York 1992.

19] L. ReMer and G. PFEFFERKORN, Raster-Elektronen Mikrokopie, Springer-Verlag, Berlin 1973.

20] G. L Rozenman, J. S. Rez, Tu. L. CHepeLEV, and N. B. ANGERT, Soviet Phys. — Tech. Phys. 26,
234 (1981).

[21] T. Yamapa, H. Iwasaki, and N. Nuzeki, Jpn. J. Appl. Phys. 8, 1127 (1969).

ooy

,_.
S B HBIARA KGR
RrunlLnmn<L-

—
N
o




APPENDIX 84




-

7

Ferroelectrics. 1999, Vol. 222 pp. 295-304 © 1999 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published under license under the
Photocopying permitted by license only Gordon and Breach Science Publishers imprint.

Printed in Malaysia

Nonlinear Ferroelectric Domain Wall Response
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The ac-field dependence of complex dielectric coeffcients in the improper ferroelectric phase
of incommensurate Rb-ZnCl; crystals is analyzed and compared with those observed in
donor doped lead zirconate titanate (PZT) piezoceramics. For all coefficients examined, a
threshold field for the onset of nonlinearity exists leading to qualitatively the same non-ana-
lytic scaling behavior above threshold. Due to the similar nonlinear behavior of very different
ferroelectric systems. we suggest that a universal mechanism may exist in a larger class of
ferroelectrics causing nonlinearity at moderate field level. This may be related to the dynam-
ics of randomly pinned elastic interfaces driven at field swengths slightly above threshold for
collective interface motion.

Kevwords: ferroelectric domain walls: dielectric nonlineariry; pinning

INTRODUCTION

The behavior of ferroelectric materials in external electric fields is substantial-
ly influenced by their ferroelectric domain structure. In strong fields, the
redistribution of volume parts occupied by domains with different orientations
of the spontaneous polarization takes place causing a strongly nonlinear and
hysteretic field dependence of the macroscopic polarizalion.‘” The under-
standing of the repolarization process leading to the ferroelectric hysteresis

loop is essential for technical applications such as nonvolatile ferroelectric
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memory devices. On the other hand, the switching of spontaneous polarization
is not desired in various other applications. For example, in PZT piezocera-
mics widely used in actuators, transducers and motors, 2! repolarization may
destroy the poling of the ceramic. However, piezoceramics are often subjec-
ted to rather large fields in which the field dependence of the polarization is
clearly hysteretic and nonlinear and can be described by the Rayleigh law.B!
Accordingly, the behavior of ferroelectrics in the field range of Raleigh loops
was subject of several studies. 38!

In soft PZT piezoceramics, two different thresholds for the onset of
nonlinearity of effective piezoelectric and dielectric coefficients were found

at ac-fields E.;=100V/cm and E =1V/cm, respectively.ls] Both lead 10 2

non-analytic scaling behavior

X(E(ac)) = xo.,.xnl(E(ac) _Ec)d) (1)

above the respective threshold. The exponent ¢=1.5 +0.1 was observed in
weak fields whereas the nonlinearity is anisotrop in medium fields and can be
characterized by exponents ¢=1.2+0.1 and ¢=1.0+0.1 in fields perpendi-
cular and parallel to the polar direction, respectively. Moreover, all exponents
are apparently independent of the particular ceramic system indicating a
universal behavior of soft PZT. However, the complex domain structure, the
phase coexistence for compositions close to the morphotropic phase boundary
(MPB) and clamping of the grains!”! makes the interpretation of experimental
results obtained in this polycrystatline material more difficuit.

In contrast to the complex electromechanical system PZT, the conditions
in most ferroelectric single crystals are much simpler. Thus, it would be
interesting to find single crystals that show a similar nonlinear behavior. The

improper ferroelectric lock-in phase of Rb,ZnCl, (RZC) crystals, for exam-

ple, exhibits an especially simple domain structure which is built up of planar
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non-ferroelastic 180° domain walls (DW’s) oriented parallel to the crystallo-
graphic c-axis. More importantly, the ferroelectric domain structure follows
in the incommensurate - commensurate (IC-C) phase transition from a regular
phase soliton lattice of the IC-phasc.lg-m' This is the cause that polarization
reversal proceeds in RZC in the simplest way possible in a ferroelectric
~ system: by sideways shifts of a field independent number of pw’s. 111121
Since the field induced domain nucleation has not to be taken into considera-
tion, RZC represents a unique model system for the study of DW-defect
interaction. In this paper, the ac-field dependence of the dielectric response
of purified RZC single crystals is analyzed and compared with those of soft
PZT piezoceramic. Despite the big differences between PZT and RZC, the
same scaling behavior is found in the improper ferroelectric phase of RZC as
observed recently in soft PZT.5! Thus, the experimental data indicate that a

mechanism .common to a larger class of ferroelectrics may exist causing

nonlinearity at medium field level.

EXPERIMENTAL

The same purified RZC crystal, obtained by repeated recrystallization from
the aqueous solution, was investigated as in a previous papcr.I 12| The behavi-
or of RZC is compared with those of the commercial piezoceramic PZT-5A
(Morgan Matroc) which is a poled donor doped (soft) PZT close to the MPB.
The current flowing through the sample subjected to a harmonic ac-field E®
(f=110Hz) was amplified by a current amplifier (Stanford SR540) and ana-
lyzed using a digital lock-in amplitier (Stanford SR830). Thus, the ac-field
dependence of the complex effective dielectric coefficient €=P/E™) was
obtained. The sample was slowly cooled through the {C-C transition to the

desired temperature which was stabilized with an acurracy of AT=+0.05K.
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FIGURE |  Quasistatic hyste-
resis loop of RZC.

RESULTS

The quasistatic hysteresis loop of
RZC obtained close below the IC-C
transition temperature T, (Fig. 1)
differs strongly from the well known
ferroelectric hysteresis of PZT.!3:!3!
This is attributed to the completely
different phase transition mechanism,
different domain structure and, most
importantly. different repolarization

mechanism in RZC. Polarization

reversal in the proper ferroelectric phase of PZT includes nucleation, growth

and coaleszence both of non-180° and 180° domains. On the other hand, the

unique repolarization mechanism in the improper ferroelectric phase of RZC

causes the "swan neck” shape of the hysteresis loop reflecting the DW inter-

action.!12!

Despite the different repolarization mechanism. shape and ac-field

dependence of Rayleigh loops P(E) in RZC are quite similar than in PZT
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FIGURE 2  Rayleigh loops P(E): a) PZT-5A: b) RZC.
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FIGURE 3  Nonlinearity of the complex permittivity €);* of PZT-3A:
a) ac-field dependence of Ae,,=e,,(E,("°))-e0; b) non-analytic scaling beha-
vior above threshold E,=50V/cm.
(Fig. 2a,b). However, due to the different DW mobility, the field range in
which Rayleigh loops occur differs considerably between both systems. An
example for the nonlinearity observed recently in sort PZT above medium
field threshold! is given in (Fig. 3a,b). Interesting to note that the imaginary
part £),"" of the permittivity can be scaled in the same way and yield to the
same exponent $=1.2+0.1 as the real part. Thus, the "nonlinear phase
angle” tan S=c" /&', is indepcndent of the ac-field. The ac-field
dependence of the dielectric coetticient of RZC, measured at a temperature
T=160.4K is shown in Fig. 4a. The close similarity to the behavior observed
in soft PZT is apparent. In particular, a threshold for the onset of nonlinearity
seems to exist at E.30.07V/cm, that is, at smaller field level than in soft
PZT. Morevver, both the real and the imaginary part of the permittivity of
RZC can be scaled according 0 Eq.(1) (Fig. 4b) and lead to the same expo-
nent $=1.5+0.1 as obtained in soft PZT above weak field threshold.

In order to investigate the influence of temperature, the experiment was
repeated at T=187.5K, that is, slightly below T . Clearly, the threshold

character of the dielectric weak field nonlinearity is preserved (Fig.5a).
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FIGURE 4  Nonlinearity of the complex permittivity of RZC far below Ty :
a) ac-field dependence of Ae=e(E¥)) - g9 5 D) non-analytic scaling behavior
above threshold E,=0.07V/cm.

Though the coercive field of the (large field) hysteresis loop is significantly
smaller at this u:mpermure,“Zl the analysis of the weak field results comes
10 a threshold field E_=0.15V/em larger than those at T = 160.4K. In addition,
scaling of the data at T=187K yiclds the same exponent b=1.5+0.1
asobtained at T=164.5K (Fig. 5). However, at T=187K, deviations from the

straight lines occur at tower field level E®=4E, than at T= 160.4K.

11201 a) 100{ b 7
T=187.5K T=187.5K
, ae'
£ E 104
c

11104 .

v 14 b

0.0 02 0.4 01 1 10
By (Vicm) (Efac) - Ec y/ Ec

FIGURE 3  Nonlinearity of RZC Jlightly below T : a) ac-field dependence

of Ag; b) non-analytic scaling behavior above threshold E,=0.15V/cm.
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FIGURE 6  AC-field dependence of the dielectric dispersion of RZC.

Finally, at T=160.4K, the frequency range was determined in whi

ch the

strong ac-field dependence of the complex permittivity appears. For small

amplitudes E**'=0.28V/cm, the dielectric dispersion in the frequency range

1kHz < f < 1OMHz is of the Cole-Cole type (Fig. 7) with a mean relaxation

frequency f=30kHz. This relaxation region is related to the dielectric con-

tribution of pinned DW's that respond to the electric field in the same way as

an elastic memoran.!'*! In comparison to this dispersion region. additional

dielectric contributions discernible at low frequencies f< 1kHz are small at

this field level. However, with increasing ac-field amplitude.,

cy dispersion. characterized by a very broad di

becomes increasingly important and governs the dielectric respon

fields. Obviously. the ac-field dependence of

frequencies f=i, corresponding to the low frequency end of the wea

Cole-Cole arc whereas there is almost no ac-fi

DISCUSSION

stribution of rel

the low frequen-
axation times,

se in high

the permittivity is largest at

eld dependence at f>1,.

k field

The observed nonlinearity in PZT and RZC is clearly related 10 the response

of ferroelectric DW's. In order to illuminate possible reasons for the similar
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nonlinear behavior of ferroelectrics that are, in first view, completely
different, it may be helpful to point out some common features of the dielec-
tric domain wail response in PZT and RZC.

First, due to its peculiar repolarization mechanism, the number of DW's
in RZC does not depend on electric field even at field strengths where fully
developed ferroelectric hysteresis loops are obtained. In La doped PZT, swit-
ching takes place if the internal electric field within the grain exceeds a
critical field E,=10kV/em.!3 Thus, the Rayleigh loop of soft PZT should be
determined by the motion of existing DW's rather than by the nucleation of
new domains. This is supported by the linear polarization strain dependence
Sg(P}) in pZT 18! Apparently, the observed scaling behavior is restricted 10
systems for that the primary nucleation of domains can be neglected.

In first view, it may be surprising that differences concerning crystal
symmetry, domain structure and phase transition mechanism do not make a
difference in the nonlinear response. Even within the PZT compositions close
to the MPB examined previously,lSI tetragonal and rhombohedral phase and,
thus, 180° and different types of non-180° walls coexist. However, only a
small part of the spontancous polarization of RZC and PZT, respectively, is
switched in the field range of Rayleigh loops (Fig. 2a,b). Thus, the DW's are
shifted only slightly by a distance Ax trom their equilibrium position. Due to
the strong anharmonicity of the DW potential energy U(ax),!12! DW's moving
on the flat bottom of the potential box do not probe the specific properties of
the potential and the nonlinearity related to the potential energy of the
DW should be small. This is corroborated by the amplitudes of higher harmo-
nics (Fig. 7a.b) that are small in comparison (o the strong nonlinearity
observed in the first harmonic. From this point of view, the non-analytic
scaling behavior seems to be restricted to fields in which DW's do not come
that close 10 each other that DW interaction becomes important. In RZC, this

may cause the deviations from the scaling behavior in large fields.
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FIGURE 7 Ratio U™W/U(-® between higher harmonics and first har-
monic: a) PZT-5A; b) RZC.

A common feature of the ferroelectrics examined is their large DW mobility.
Apparently, no major obstacles for DW displacements exits but DW
interaction with a matrix of randomly distributed “small” defects is relevant.
For the temperature and frequency range of our experiments, these defects
can be regarded as immobile. Thus, the DW can be treated as an elastic
interface in a medium with quenched disorder. Theoretical considerations
(see, e.g..“s'”") predict that the interface motion is basically jerky as long as
external pressure (due to the driving ficld) and pinning pressure are compara-
ble. Thus. it is conceivable that the observed nonlinearity is related to the
dynamics of pinned DW's.

In weak fields, dielectric contributions occur due to depinning of<parts
of the DW. Thevretical considerations lead to a logarithmic frequency depen-
dence of &* at low frequenciest!3! which was experimentally observed both in
pZT!! and, in the present study, in RZC. Additionally, nonlinearity of the
dielectric response was predictcd.“s' However, our experimental results
indicate that 4 finite threshold E, >0 for the onset of nonlinearity exists. In a
theoretical study, the depinning transition of interfaces was treated as dynami-

cal critical phenomenon.!'! Above threshold for the onset of collective
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interface motion, a nonlinear relationship v~(F-F,)¥ was predicted between
the mean intertace velocity v and the driving force F. [nterestingly, the mean
field result!'®! for the critical exponent w=1.5 coincides with the exponents
obtained in weak fields on soft PZT! and RZC. Unfortunately, due to
accuracy limitations of our experimenial setup, no information could be
obtained within the critical region treated by the theory.

To conclude, a non-analytic scaling behavior of effective dielectric
coefficients was observed in very different ferroelectric systems. Therefore,
we suggest that a universal mechanism may exist in a larger class of ferro-
electrics causing nonlinearity at moderate field strengths. This mechanism
may be related to the dynamics of driven elastic interfaces moving in pinning

media with quenched disorder.
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Abstract

Crystal ion slicing (CIS) is a govel approach to oroduce films from bulk crystailine materials. A LiNbO; film with
dimensions of 1.29 X 0.9 X 0.01 mm was detached from a poled buik crystal. The ferroelectric domain characteristics and

phase transiton behavior of the detached film were studied using ransmission optical microscopy and recorded continuousty
bv VCR tape recorder through a CCD camera. The sample was heated gradually from room temperamure 1 1190°C. and then

cooled down to room temperarure. The phase transition om
density domain structures were aiso observed when the sampie
temperature around the Curie remperature. The sxperimental

the ferroelectric to paraelecmic was observed at 1163°C. High
was cooled to room temperature after it was annealed at 2
-esuits show that the virgin CIS LiNbO; film is sull in a

ferroelectric state and preserves the single domain state of a poied bulk crystal. The CIS film has clear advantages over the
fiim prepared by other techniques for various integrated applicadons. © 1999 Elsevier Science B.V. All rights reserved.

PACS: 81.20.-n: 42.82.-m: 77.30.Dj

Keywords: Ferroetectric film: Crystal ion slicing technology: Ferroeiectic phase transition and domain: Integrated optcs

- 1. Introduction -

Fabrication of ferroelectric materials in thin (<1
wm) and thick (< 10 wm) film is important for their
applications related to memories. MEMS. thermal
detecting arrays and integrated optics [1].

Efforts have been made to develop high quality
ferroelectric thin and thick films by various methods

* Corresponding author. Fax: -1-314-863-1327: E-mail:
xi28 @psu.edu

including CVD, sol-gel. if spurtering, laser ablation
deposition, tape casting and screen printing (2] Re-
cently, a novel approach knowa as crystal ion slicing
(CIS) has been used to fabricate ferroelectric films
from a poled LiNbO, crysal (3] A 10 pm thick
LiNbOQ; film was successfully separated by the CIS
technique from the poled buik crysal. In the CIS
processing, the surface of the bulk crystal material is
subject to deep ion implanaton. which creates a
damage layer several microns below the sample sur-
face. Etching selectively berween the damage layer
and rest of the bulk material is much different. Thus,

00167-577X/99/$ - see front manter & 1999 Elsevier Science B.V. All rights reserved.
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the top layer can be split from its matrix. Beside
LiNbO, crystals, this method can also be applied to
other ferroeiectric and nonferroelectric crystals.

The CIS LiNbO, film is of partcular interest
because of its wide range of applications in electro-
optc devices. The CIS film in a freestanding state
can easily be transferred onto other subswates. In
addidon. the detached fiim shouid preserve good
electro-optic properties, and ferroelectric character-
isdes such as spontaneous polarization, phase wansi-
don. etc. [4.5]. Earlier reports on X-ray and electrical
measurements suggest that the detached films have
similar stucture and room-temperarure dielectric
constant as its bulk crystal [3].

In this paper, we report the optical microscopic
invesdgaton of the CIS LiNbO; film. The detached
LiNbO, film with dimensions of 1.29 X 0.9 X 0.01
mm was placed on a sapphire subszate and subject
10 a conuolled heatng and cooling cycle between
room temperature and 1190°C. Ferroelectric phase
Tansiton was observed around 1163°C. The film
showed the multidomain swucrure after it was an-
nealed at temperatre around the Curie temperature.
This observatdon also provides direct evidence of the
ferroelecuic single domain state of the as-prepared
CIS film.

2. Experimental procedure

The poled bulk LiNbO, crystal was mounted on a
water-cooled subswate. The 3.8 MeV helium ions
wers implanted on the unmasked surface perpendicu-
lar to the [001] axis. The depth of the damage layer
can be conmolled by the implanted ion beam energy.
The implant dose for all samples was 5 X 10'¢
ions /cm”. The ion implanted bulk crystal was then
etched in diluted 5% hydrofluoric acid for 24 h. Ten
micrometer-thick freestanding film with 1.29 mm
length and 0.9 mm width was obuained after the
compledon of the etching process. Fig. 1 shows the
as-prepared CIS LiNbO. film. The surface features
show the microdomains were created during the ion
impiantation and etched in the process of separating
the Slm from its bulk crystal. The film was then
placed on an optical isomropic transparent sapphire
disc. The disc was inserted into a heating crucible of

Fig. 1. As-prepared CIS LiNbO; film. showing the etched mi-
crodomains.

the TH 1500 (Liakam. Japan) high-temperature stage.
and observations were made of plane-polarized light
under crossed polarized conditons in a ransmission
mode of operation. The heaung and cooling was
controlled by a programmabie contoller at a rate of
10°C /min. The transmitted Light image of the crystal
was contnuously recorded by a Somy video tape
recorder and using a Hamamarsu CCD video camera.

3. Experimental resuits and discussions

The two most important characteristics. in gen-
eral. of a ferroelectric material are (1) its ferroelec-
tric to paraelectric phase transition and (2) dielectric
hysteresis loop. These characterizations of ferroelec-
tric properties are usually obtained by (1) measure-
ment of the dielectric anomaly at the phase wransiton
temperature and (2) the measurement of dielectric
hysteresis loop at temperanres below the Curie tem-
perature [6]. However, in case of LiNbO,, the Curie
temperature, berween 1150°C-1180°C for stoichio-
meuical cormnposition, is too high and the coercive
field is too large at room temperature to measure the
dielectric hysteresis loop {7]. Therefore. both of these
invesdgation are difficult to perform.

As an alternative approach. optical microscopic
investigation can reveal the phase transstion charac-.
teristics of LiNbO,. Large changes in the optical
transmission (LiNbO; is an excellent electro-optc
crystal) could be sufficient 10 mark the phase wransi-
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don dynamics. Fig. 2 shows several stages of the
phase mansition (seiected Tom the conunuous
recording of the phase transition process). Ferroelec-
wic to paraelectric phase mansiton in CIS LiNbO,
fiim occurs around !163°C and this value is in
agrsement with the T, reported for a bulk crystal.
The dme taken for the phase wansiton from begin-
ning to the finish was 24 s. This corresponds o0 a
4°C temperature change. based on the heatng rate
and calibration conditons set in our experimental
set-up. From the intensirty recording and the rate of
change of intensiry, this phase Transiton appears 0
be or the second order as is expected in bulk LiNbO;.

After heating above its Cure temperature and
then cooling to beiow T, without bias, the crystal

becomes polydomain. As the T, is close to the
melting temperature (1260°C) of this crystal, there is
a slight thermal erching, which occurs ar high tem-
perarure (< 7.) and leaves its signature as etched
domains. The new domains sets are different from
those observed in the as-prepared CIS film which
revealed as line pamern after the separation of the
fiim from the bulk. When the sample was cooled
down to room temperamre. some cracks occurred
during the cooling. High-density polydomain struc-
tures appear on the annealed sample at room temper-
amure (Fig. 3b). The as-prepared flm did not show
such migonal polydomain swucmre (Fig. 3a). The
crystalline symmeay changes om Smtw3m
during the phase transition from paraelectric to ferro-

Fiz. 2. Observation of ferroeiecmic phase transition: (2) room temperaturs. (b) the beginning of the phase tansition. 1163°C, (c) middle

stage of phase transioon. (d) final stage of phase transiton.
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Fig. 3. Domamn structurs of the CIS film as observed at room
ramperature: (a) as-prepared. (b) aftar thermal treatment.

elecic. 180° domains exist in the ferroelectric phase.
In the piane perpendicular 0 the polarization axis,
the domain walls depict a tvpical angle of 120° to
each other. The observed domain pattern in annealed
CIS fim indicates the ferroelectric character of the

CIS fiims.

4. Conclusions

Direct optical observaton suggests the CIS films
preserve the ferroelectric character and goes through
a phase transition to paraelecuic at 1163°C. During
the ion bombardment there are microdomains occur-
ring in the vicinity of the swurface layer that are
revealed by etching during the process of separation
of the film from the bulk, bur the majority of the
sample preserves the single domain state of the
original crystal.
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Converse electrostriction in polymers and composites

Sylvie Eury, Rattikorn Yimnirun, V. Sundar, Paul J. Moses, Sei-Joo Jang, Robert E. Newnham"

251-A Materials Research Laboratory. Pennsylvania State University, University Park, PA 16802, USA

Abstract

The evaluation of electrostrictive properties of low permittivity dielectrics requires extremely sensitive instrumentation. In the present
work. a modified compressometer capable of resolving fractional changes in capacitance of the order of 1078 is used. In the
compressometric method. a high sensitivity capacitance bridge. GenRad 1615, is coupled with two lock-in amplifiers to detect attofarad
(107 '3F) level capacitance changes caused by in-phase cyclic uniaxial stresses on the samples. In studying low-permittivity polymers, we
have obtained extensive electrostriction data, which along with widely accepted data on ferroelectric materials and soft polymers, verify the
linear relationship between electrostriction coefficient (Q) and the ratio of elastic compliance and dielectric permittivity (s/ege,). This leads
to an effective way to predict the electrostriction coefficient in dielectric materials. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Electrostriction is the fundamental mechanism of elec-
tromechanical coupling in all insulator materials. The elec-
tric field induced strains range from small values in low
permittivity dielectrics to very large values in ferroelectrics.
From a practical point of view. electrostrictive stresses can
either be seen as a benefit for electromechanical devices,
when high strain materials are required, or as a drawback in
microelectronics and high voltage devices where the
mechanical stresses can lead to breakdown in insulator
materials [1]. In ferroelectric ceramics and elastomers,
the electrostrictive properties have been extensively studied,
but there is very little reliable experimental data for other
low-permittivity dielectrics. This study was undertaken to
provide reliable data for theoretical studies of this funda-
mental electromechanical phenomenon.

Electrostriction is a fourth rank tensor property relating
mechanical strain x to an applied electric field E or to
polarization P. The electromechanical interactions can be
expressed in a power series to the second order as [2,3]:
Xij = sgijkl + dmijEm + MijmnEmEn, (1)

iy

Xij = SeidXL'/ + &mijPim + QijmnPrmPr. 2)

i

In these expressions, s;;, is the elastic compliance tensor
under appropriate boundary conditions, X, the elastic stress
component and g,,;; and d,,,;; the piezoelectric tensors. From

*Corresponding author. Tel.: +1-814-863-1612; fax: +1-814-865-7593.

these equations three electrostriction effects can be derived
and expressed as

Miinm = % (ﬁzjﬁ'ﬂ) X ®
for the ‘direct’ effect,
Qijmn = —% (%";ﬁ) .o (6)

for the ‘first converse’ effect, obtained by introducing the
dielectric susceptibility x; and its inverse the dielectric
stiffness 7;; in the defining equations. The ‘second converse’
effect is the polarization dependence of the piezoelectric
voltage coefficients.

The direct and first converse electrostriction effects offer
two independent and equivalent techniques for measuring
the electrostriction coefficients [4]. This allows the coeffi-
cients to be double-checked for accuracy [1,3].

2. Electrostriction measurement

In previous studies, several different techniques have been
used to determine electrostriction coefficients. Some used

0254-0584/99/S — see front matter . 1999 Elsevier Science S.A. All rights reserved.

PI1: S0254-0584(99)00107-8




S. Eury et al./Materials Chemistry and Physics 61 (1999) 18-23

the direct effect by measuring the strain developed as a
function of an applied field using interferometric or strain
gauge methods [4-7]. Others measured the converse effect
with a capacitance dilatometer or compressometer [4.8.9].
These latter two techniques require highly accurate dielec-
tric measurements of the samples tested.

In this work the change in permittivity was measured as a
function of stress using a dynamic compressometer. which
is mechanically, electrically, and thermally stable, and well
isolated from electrical and mechanical noise. The system
was designed to apply a homogeneous pressure on the
sample surface with completely uniaxial loading. To prevent
shear deformations arising from elastic mismatch between
the metal ram and the polymer sample, the specimen was
held berween Plexiglas ram extenders. To avoid barreling of
the sample, thin mylar films were placed between the
sample and the plexiglas extenders were used to take up
any surface irregularities.

The dynamic compressometer (Fig. 1) was obtained from
the original compressometer design [1] by adding a motor-
ized stressing system. This allowed us to apply a periodic
stress that was uniaxially transferred to the sample through
extension rams. To optimize the measurement conditions,
the mechanical frequency was set at 0.4 Hz. Then by using
an appropriate spring with the stepping motor, a heavy load
of 9.96 kg on the sample was used to achieve a substantial
change in capacitance. The capacitance of the sample is first
measured to a resolution of 0.0001 pF on a GenRad 1615
capacitance bridge at 1 kHz. A Stanford SR830 DSP Lock-
In Amplifier is used to read the bridge balancing null. On
applving a cyclic load, the first lock-in amplifier output
voltage gives a signal proportional to the capacitance
change AC (Fig. 2). The output from this amplifier is then
used as input (V,,/2v/2) for a second Stanford SR830 DSP
Lock-In Amplifier. This second lock-in amplifier is added to
the system to couple the motion of the stepping motor and
the system (Fig. 1). It is set up at the same frequency as the
applied cyclic stress (finechanicai=0.4 Hz). The output voltage
of the second lock-in gives then a precise fractional change
in capacitance of the sample. The sensitivity of the Lock-in
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Fig. 1. Schematic drawing of the dynamic compressometer.
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no. 2 being 500 mV.,
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V,
Voutpul lock-inno.2 = 20%: (8)
10
Voutputlock-inno.2 = ﬁ Vop ~ AC, (Vi ~ AC). ®

The voltages Vy,, and V,. corresponding to the output of
the first and second lock-in. respectively, were read on an
oscilloscope. Both thermal and mechanical noises were
electronically rejected from the measurements by using
two lock-in amplifiers.

3. Experimental procedures
3.1. Compressometric equations
The equation for the capacitance of a parallel plate

insulator, C=¢peA/d, may be separated and differentiated
with respect to the applied stress to give [1]

blne, _ [AC/C _din(A/d)

oX AX X

where §; are linear combinations of elastic compliances, and
B; pressure dependencies of the capacitance for various cuts.
Then Q and M are obtained from

] = B;(measured) — S;, (10)

€r
=—"> B -5, 11
2 2¢p(er — 1)° [ ] b
M= e";’ B; — Si]. (12)

Most of the polymers studied were isotropic. So S; may be
expressed simply as a function of Young’s modulus E and
the shear modulus G or Poisson's ratio v

2
s=t_L1_ 1+ g (13)

From our measurements B, the fractional change in
dielectric constant with compressive stress was found nega-
tive. In general IBJ>IS, as a result most of the electrostric-
tion coefficients M3; and Q33 found were negative.

3.2. Sample preparation

We studied several types of polymers: a polystyrene,
some classical polyolefins (high-density polyethylene and
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polypropylene), polyesters (Polyethylene Terephthalate and
PolyButylene Terephthalate), polyamides (nylon 6.6 and
nylon 6.12). and polyacetal resins. HDPE, PP and PS were
purchased from Goodfellow (Berwyn. PA), and DuPont
(Wilmington. DE) supplied the others. Measurements were
carried out on plates 1-3 mm thick. The samples were cut
into disk shape with plane parallel faces and a typical
diameter of 24 mm. Gold electrodes were sputtered on
the samples and a guard ring was scribed to avoid edge
effects and fringing field errors.

4. Experimental results

In a dynamic compressometer experiment. two frequen-
cies are involved, first the mechanical frequency corre-
sponding to the rotation speed of the motor. then the
electrical frequency at which the capacitances were mea-
sured. The compressometer measurements were done under
quasi-static conditions, which means that we were close to
an equilibrium state and no time dependence should be
involved. However by increasing the mechanical frequency,
we expect a change in the electrostriction coefficients.
especially near the glass transition where mechanical or
dielectric relaxations takes place.

All the measurements of the B factor were performed
at room temperature, electrical frequency 1kHz, and
mechanical frequency 0.4 Hz. Since the mechanical
frequency is very low, we used the value of Young's
modulus measured by ASTM D 638 to calculate the
Q and M coefficients. In general these values and the
Poisson's ratio v were given by the suppliers of the materi-
als. However, we had to estimate Poisson’s ratios for
HDPE. PBT and Nylon 6,12 from sound wave velocities.
Two additive molar elastic wave functions Rao-function
Ug and Hartmann-function Uy are introduced. They are
‘independent of temperature or polymeric phase state and
can be calculated from additive group contributions’ [10].
Thus from Eq. (14), and the tables of U and Uy given
in Krevelen's book [10], the Poisson’s ratio v can be
predicted.

_ _1-2/3(Un/UR)°
241 + 1/3(Uy/Ug)®%)

Table 1 listed the hydrostatic electrostriction coefficient
O, of the polymers studied in this work and other common
dielectric materials for comparison. For isotropic materials
Oy, may be estimated from Q and v. the Poisson’s ratio, using
the relation

On = Q33(1 —2v). (15)

Ceramics. glasses and ferroelectric materials have very
low Qy coefficients, while polymers’ values range from
0.8 up to 230 m*/C? for very soft polymers like polyur-
ethane.

. (14)

5. Prediction of electrostriction coefficients [4]

Under the action of an applied electric field, the cations
and anions in a crystal structure are displaced in opposite
directions by an amount Ar. This displacement is thought to
be responsible for most of the electric polarization. the
dielectric permittivity, and the electrostrictive strain. We
may express the relation between these as (4]

P? (Ar)z—Ar €06y

Large strains in compliant solids such as polymers can
introduce large changes in the dielectric stiffness and in
anharmonic potentials. Electrostrictive strain x is displacive
and acts against the elastic forces in a material. Introducing
the elastic compliance s into the Q versus 1/ege: relationship
can better express the correlation between these properties.
Through the first converse effect, electrostriction is propor-
tional to the change of dielectric stiffness n with stress X,
which may be expressed as

=7

x
X /%) ~ S, 17

0~

Empirically, log (Qy) is found to vary linearly with log
(s/eoe.) (Fig. 3). This combination of the compliance and the
dielectric properties of materials may be used to predict the
magnitude of electrostriction in insulators.

6. Effect of fillers on mechanical and dielectric
properties of composites

Polymers are very complex materials. In addition to the
temperature and frequency dependence of the dielectric and
mechanical properties, different processing methods can
produce various types of polymers. with different charac-
teristics and probably different electrostriction coefficients
for the same chemical repeating units. The number of
polymer applications is continually increasing in volume
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Fig. 3. Evolution of Log(Qy) with Log(s/eoK).
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Table 1

List of dielectric constants, elastic constants, and electrostriction coefficients of common dielectrics

Materials K S(x107'% (m*/N) Sleoe{x 1074 (m/FN) Q4 (m®*/C?) References
Relaxor Ferrvelectrics {11-13]
PLZT (11/65/35) 5900 9.50 1.82 0.007

BaTlQ}gSn] _0_3303 10300 8.90 1.01 0.0099

BaSro 35Ti1—5350;3 25000 4.55 0.21 0.0069

La/PMN-PT (1/93/97) 13000 16.42 1.43 0.006

Perovskite Ferroelectrics [13]
SrTi0a 450 1.82 4.57 0.07

PbTiO; 270 7.81 32.6 0.03

BaTiO: 1070 6.02 6.36 0.03

Pb(Ti; - Zr )03 1700 1.52 1.01 0.018

Glass-Ceramics [11]
Corning 888VE 300 7.25 27.31 0.079

Corning 888YT 370 5.85 17.87 0.055

Corning 888ZF 440 4.93 12.66 0.064

Single crystal {3.14]
CaF, 6.8 6.92 1150 047

BaF, 74 153 2342 0.33

KMnF; 9.8 9.72 1121 0.24

MgO 9.8 4.03 465 0.18

Ceramics 4]
Al,O5 9.9 2.90 312 0.18

AIN 8.3 3.03 360 0.40

SiaNg 79 3.13 406 0.25

Glasses [3,4,15]
Na-Aluminosilicate ' 10.2 153 1696 0.519

Fused-SiO- 38 14.0 4163 0.37

Na,0.38i0- 11.3 16.3 1629 0.765

Spodumene Glass 7.9 1.18 169 043

Polvmers (4.16.17]
PVDF 16 420 29660 24 This work
VDF/TFE 11 400 41090 25

PVC 34 333 110700 10.1

Polystyrene 2.6 312 133500 104

Polypropylene 2.3 1562 765296 16.0

HDPolyEthylene 2.4 1250 588267 74

PET 3.6 333 104624 3.1

PBT 32 370 129 166 37

Acetal resin (Delrin 500P) 35 308 98771 10.0

Nylon 6.6 3.9 353 102905 08

Nylon 6.12 4.0 493 138120 1.0

Polyurethane 6.5 25000 4346000 230

and in new fields. To respond to these demands, polymers
with special properties are engineered, usually by incorpor-
ating additives like glass reinforcement or by blending some
polymers together.

6.1. Crystallinity influence

Fig. 4 shows the decrease of Q33 amplitudes with increas-
ing degree of crystallinity in polyacetal resins. The relative
crystallinities of the resins to Delrin 111P (DuPont trade
names for polyacetal homopolymer) were obtained by DSC.

Indeed by enhancing the crystallization, we enhance the
tensile modulus slightly. In this way we decrease the micro
regions where the polymer is amorphous. Therefore because
more of the polymer chains are trapped in a crystal network,
only a few polymer chains are able to move and mechani-
cally deform the sample under an electric field. In our case,
by applying a stress to the sample, fewer macromolecular
chains are free to move to order themselves and increase the
polarization. This explains the low changes in capacitance
with pressure observed and then the low changes in dielec-
tric constant with pressure.
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Fig. 4. Q versus the degree of crystallinity.

6.2. Glass reinforcement influence

In the following discussion, the influence of glass rein-
forcement is described for nylon 66 and PET. In both cases,
it is observed that the amplitudes of the M3; and Qi3
coefficients decrease with the percentage of glass reinforce-
ment in the material (Fig. 5).

Under an electric field the dipoles in the polymers align.
and if the motion of the molecule is not impeded, the
material will deform. In composites with high glass rein-
forcement. the molecules are partially trapped in the glass
particle network. reducing their freedom degree of motion.
Therefore lower electrostriction coefficients are found with
increasing glass percentage. If we consider how the pre-

S. Eury et al./Materials Chemistry and Physics 61 (1999) 18-23

sence of glass affects the dielectric and mechanical proper-
ties, we observe that the dielectric constant K increases.
However, the main contribution in the decrease of the
electrostriction coefficients is due to the large increase in
the Young’s modulus of the material, making it stiffer. The
increase in K simply influences the amplitude of the
decrease. In this case, it is more important how the material
deforms rather than how it polarizes that influences the final
result.

6.3. Blend of polymers

In the DuPont samples, PBT is blended with an unspe-
cified polymer to improve the dimensional properties. The
alloved PBT have lower E and X values. At 30 wt.% glass,
they are respectively —33.3% and —7.2% lower than the
Flame Retardant PBT values, making the alloy more com-
pliant and less polarizable. For this same percentage of glass
reinforcement, the alloy exhibits higher electrostrictive
amplitudes than Flame Retardant Glass Reinforced PBT
(Fig. 6). Therefore even if fewer dipoles are susceptible to
alignment with an applied electric field, their motions in the
alloved polymer will be less hindered. The polymer alloyed
to PBT was probably of a similar chemical structure to
assure good mixing with more alkyl group in the backbone
to increase the flexibility of the chain and decrease the
density of polarizable groups.
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Fig. 5. Q33 versus weight % of glass for PET and nylon 6.6 resins.
0 r T T
10 20 30 40
-5 a PBT Flame
10 Retardant
o o FRPBT
£ .15 alloyed
S 20 . )
L]
25 4
Q
-30
weight % of glass
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7. Conclusions

In this study, an extremely sensitive instrument, a
dynamic compressometer, was described. Electrostriction
coefficients of various polymers were measured. We
observed that the influence of crystallinity, glass reinforce-
ment. and blending were affecting the electrostriction beha-
vior because it is mainly governed by the elastic properties
in low-permittivity polymers. The results confirmed the
linear relationship between the electrostriction coefficient
(Qn) and the ratio of elastic compliance and dielectric
permittivity (s/eqe.). Completing the data on low-permittiv-
ity materials leads us to an effective way to predict the
electrostriction coefficient in dielectric materials.
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Abstract

To measure the electrostrictive effects in low per-
mittivity materials, extremely sensitive instrumenta-
tion is required. A modified compressometer for
resolving fractional changes in capacitance on the
order of 1079 is used in this work, along with a
modified single beam interferometer capable of sub-
angstrom resolution in displacement. For the com-
pressometric method, a high sensitivity capacitance
bridge, GenRad 1615, is coupled with two lock-in
amplifiers to detect attofarad (10~'%F) level capaci-
tance changes caused by in-phase cyclic uniaxial
stresses on samples. The interferometer is a Michelson
—Morley type instrument modified to detect changes in
interference fringe intensity for very small changes in
path length. The measurements confirmed by both
techniques are used to establish a set of reliable and
accurate data of electrostriction coefficients for low
permittivity materials. Using these recent data,
along with widely accepted data on ferroelectric
materials and soft polymers, the linear relationship
between electrostriction coefficient (Q) and the
ratio of elastic compliance over dielectric permittivity
(s/€oE,) is obtained. This leads to an effective
way to predict the electrostriction coefficient in
dielectric materials. © 1999 Elsevier Science Limited.
All rights reserved

Keywords: electrostriction, dielectric properties.

1 Introduction

Electrostriction is the fundamental mechanism of
electromechanical coupling in all insulator materi-
als. Its magnitudes can range from very minute in

*To whom correspondence should be addressed. Fax: +1-
814-865-2326; e-mail: rxy8@psu.edu
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low permittivity dielectrics to very large in ferro-
electrics. Theoretical studies of this fundamental
phenomenon are handicapped by the absence of
reliable and accurate experimental data in simple
low permittivity dielectrics. In practical applica-
tions, electrostrictive stresses can cause breakdown
in insulator materials in microelectronics and high
voltage devices.! Therefore, this study was under-
taken with the primary goal of establishing reliable
and accurate electrostriction coefficients for low
permittivity dielectrics.

Electrostriction is defined as the quadratic cou-
pling between strain (x) and electric field (E), or
between strain and polarization (P). This is a
fourth-rank tensor expressed by the following
relationships:%3

Xjj = S5y Xt + MijnEmEn (1)
Xij = sgk[Xkl + QijmanPn (2)

where s;; is the elastic compliance tensor under
appropriate boundary conditions and Xy is the
elastic stress component. From these, the ‘direct’
effect O and M electrostriction coefficients are
defined as:

Mijn = 1/2(d*x;/dEdE, )y (3)

Qijmn = 1/2(d*x;;/dPmd Py)y (4)

Alternatively, by application of Maxwell relations
to the above equations, one can derive the ‘first
converse’ effect O and M coefficients in terms of
the dielectric susceptibility (x;) and its inverse, the
dielectric stiffness tensor (1) as:

Mijmn = l/z(dnif/den)P (5)
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Qil'm" = —I/z(dXij/den)p (6)

The ‘second converse’ effect is the polarization
dependence of the piezoelectric voltage coefficient
(gx) and can be defined as:

Qi/'mn = agnij/apm (7)

Mjmn = €0(&jj — 1)28g05i/ Prm (8)

The direct and converse electrostriction effects are
of importance because they offer two idependent
and equivalent techniques for electrostriction mea-
surements. Measurements confirmed by both the
direct and converse methods would result in more
reliable and accurate electrostriction coefficients in
materials of interest, such as low permittivity

dielectrics.!34

2 Electrostriction Measurement Techniques

Various techniques can be used to determine elec-
trostriction coefficients. Widely used experimental
techniques include the strain gauge method, the
capacitance dilatometer, and laser ultradilatometer
based on Michelson interferometer. In this work,
two independent experimental approaches were
used to determine electrostriction coefficients: a
modified Michelson-Morley interferometer, mea-
suring the strains induced in materials in response
to applied fields or induced polarizations using the
direct effect, and a dynamic compressometer, mea-
suring the change in permittivity under appropriate
stress using converse effect.

2.1 The dynamic compressometer

In the converse method the change in permittivity
was measured as a function of stress using a
mechanically stable compressometer isolated from
electrical and mechanical noises. The system was
designed to apply a homogeneous pressure on the
sample surface from a completely uniaxial loading.
The sample was held between Plexiglas ram exten-
ders. This prevented shear deformations arising
from elastic mismatch between the metal ram and
samples.

Significant modifications were made to the original
compressometer design! involving a cyclic loading
system and a revised measurement technique. The
redesigned compressometer is shown in Fig. 1. A
stepping motor and spring were used to apply cyc-
lic stress, which was uniaxially transferred to the
sample through extension rams. The capacitance of
the sample was first measured to a resolution of

R. Yimnirun et al.

0-0001 pF on a GenRad 1615 capacitance bridge. A
Stanford SR830 DSP Lock-In Amplifier was used
to read the bridge balancing null. The output from
this amplifier was then used as input for a second
lock-in amplifier, which was electronically locked
to the revolving frequency of the stepping motor
using a reflecting sensor. During cyclic loading, the
first lock-in amplifier produced an electrical signal
proportional to capacitance change, then a precise
fractional change in capacitance of the sample was
calculated from the output of the second lock-in
amplifier. Thermal and mechanical noises were
electronically rejected from the measurements with
use of both lock-in amplifiers.

These compressometric measurements were per-
formed at 1 kHz, corresponding to the frequency of
the first lock-in amplifier. To optimize the mea-
surement conditions, a stepping motor frequency
was appropriately set to provide a cyclic loading at
0-4 Hz, at which a second lock-in amplifier was also
automatically set through a sensor. Throughout
the experiment, 2 maximum load of 9-96kg was
used to achieve relatively high level of capacitance

changes.

2.2 The interferometric ultradilatometer

A modified Michelson-Morley interferometer was
constructed specifically for this study.’ In the inter-
ferometric method, the sample under investigation
was subjected to an AC field, and was interrogated
with a polarized beam from a Helium-Neon laser.
The path difference between the beam reflected
from the sample surface and a reference beam
produced interference, and resultant intensity var-
jations were sensed by a photodiode. A schematic
of the system is shown in Fig. 2. It is a compact
system with very light and rigid optical compo-
nents. The total optical path length in the system is
small, which is of utmost importance in reducing
mechanical noise. The difference in the lengths of
the optical path traveled by the two interferorneter
arms was kept small by mounting the sample, laser,
photodetector and the electrostrictive stack on the
circumference of a Plexiglas ring ~0-5m in dia-
meter. This minimized laser coherence length pro-
blems, reduced thermal drift, and compensated for
beam divergence problems. The system is mounted
on a pneumatically supported table to reduce the
effect of ambient vibrations. Temperature and
electrical stability was achieved by fitting the sam-
ple with an aluminum lined foamboard lid. The
laser used is a 2mW polarized He-Ne laser (Uni-
phase, A=632-8nm). The reference mirror, that
reflects the reference beam, is mounted on an elec-
trostrictive actuator stack connected to a feedback
loop. This loop stabilizes the system at a point
where the path difference is 4/4, the ‘n/2 point’,
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where light intensity change is maximized for a
small change in the displacement Ad of the sample
surface. When an AC field is applied to the sample,
small sinusoidal displacements are obtained, giving
interference intensity changes at the point of
detection. This optical signal is converted to a vol-
tage change by a biased photodiode (Motorola
MRD500). The photocurrent is then converted to a
voltage using a high frequency current to voltage
converter with a gain of 10*VA~!. This voltage is
detected by a lock-in amplifier (Stanford Research
Systems 830) as Vou, an rms value. The inter-
ference fringe shifts are observed using an oscillo-
scope (Hewlett—Packard 54600B).

3 Experimental Procedure

3.1 Compressometry euations

The equation for the capacitance of a parallel plate
insulator, C = g¢,4/d, may be separated and dif-
ferentiated with respect to stress applied to give:!

Fig. 2. Schematic of laser interferometer.

dlne,  [AC/C 81n(A/D)
s | AX 5X

] = B;(measured) — S;
)

where S; are linear combinations of elastic com-
pliances, and B; pressure dependencies of the
capacitance for the given cut. M’ and @', the coef-
ficients for the given cut for the first converse
effect, are given by:

0 = [&//2e0(e; — 1)2] (Bi — Si] (10)

M= (806,/2)[.3,‘ - S,'] (l 1)

3.2 Interferometry equations

For monochromatic light with a wavelength 4,
interfering with a reference beam, the interference
intensity detected may be expressed as:?
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I =Ip+ Ir + 2Iplrsin(4 Ad/ 1) (12)

where Ip and Ir are the intensities of the probe and
reference beams, respectively. For small displace-
ments Ad about the ©/2 point, one may rewrite the
intensity detected as:

L )sin(4wAd/A)
(13)

For such a small displacement, one may assume sin
x~x. This implies the interference intensity change
is linearly proportional to the induced displace-
ment. The displacement may now be expressed as:

(B

This displacement is plotted as a function of
applied voltage to calculate the electrostriction
coefficients. For this direct method, the attractive
coulombic forces between the free charges on the
electrodes of the sample causes a change in sample
dimension. This is called ‘Maxwell strain’. For a
parallel plate capacitor, the attractive stress is
given as:?

I= 1/2([max +Imin) + 1/2(Imax -

X, = —1/2(en50E?) (15)

A corresponding value to the measured strain is
added to correct for the Maxwell strain. Hence, the
true direct effect electrostrictive coefficients are

given by:

| = M}, (measured) + 1/2(s},20e11)  (16)

3.3 Sample preparation

Single crystals of orientations, <100>, <110>,
< 111>; were used for cubic samples CaF,, BaF,,
SrF,, and KMnF;. For MgO, BeO, and CaCOs;,
single crystals with <100> orientation were
obtained.

Preliminary compressometric studies were also
carried out on ceramics, such as ZrO,, Al,Os;, AIN,
and SisN, and on polymers, such as polystyrene
(PS) and polyethylene terephthalate (PET).

For the compressometer, the samples are thin
discs with plane parallel faces. The sample dimen-
sions are approximately 20mm in diameter and
1 mm in thickness. On the other hand, 1 mm? cubes
are used in the interferometer. Gold electrodes are
sputtered on samples polished to optical finish.

4 Experimental Results

O coefficients for the samples from both techniques
are given in Table 1. It may be seen in the tabula-
tion that all results agree well. This helps us
achieve our primary aim of establishing the reliable
and accurate electrostriction coefficients, particu-
larly in low permittivity dielectrics.

5 Prediction of Electrostriction Coefficients

Under the action of an applied electric field, the
cations and anions in a crystal structure are dis-
placed in opposite directions by an amount Ar.
This displacement is responsible for the electric
polarization, the dielectric permittivity, and the
electrostrictive strain. We may express the relation
between these as:

0 = x/P* ~ (Ar)/(Ar)? = 1/Ar ~ 1/egs,  (17)

Large strains in compliant solids such as polymers
can introduce large changes in the dielectric stiff-
ness and in anharmonic potentials. Electrostrictive
strain is displacive and acts against the elastic for-
ces in a material. Introducing the elastic com-
pliance s into the Q versus 1/gpe, relationship can
better express the correlation between these proper-
ties. Through the first converse effect, electrostriction
is proportional to the change of dielectric stiffness n
with stress X, which may be expressed as:

Q ~ (An)/(X) ~ x/(x/s) ~ s (18)

Table 1. Results from direct and converse effects®

Material Direct Converse
de/cz Q m4/c2
Ban Q“ -0-33 -0-31
Q2 -0-29 —-0-29
Q4 1-46 1.48
CaF, Qn —0-48 -0-49
Q12 —-0-48 —0-48
Qus -0-33 —0-33
SrF, Q3 -0-33 -0-33
Qi 0-38 0-39
Quq 2.01 1.90
KMnF; Q“ 0-51 0-49
Q2 ~0-09 ~0-10
Qua 1.16 1-15
BeO Qy 1.45 1.48
Calcite Qn 1-20 1-19
AlO3 Qs3 - —-0.20
Zl'02 Q33 - 0-06
AIN Qs3 - -0-27
Sl3N4 Q33 - -0-36
PS Qi3 - -35
PET Qs3 - -22
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Empirically, log (Qx) is found to vary linearly with
log (s/eoe,) (Fig. 3). This combination of the com-
pliance and the dielectric properties of materials
may be used to predict the magnitude of electro-
striction in insulators.

6 Conclusions

In this present work, two extremely sensitive
instrumentations, a modified single beam inter-
ferometer and a dynamic compressometer, were
described. The measurements confirmed by both
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techniques were used to establish a set of reliable
and accurate data of electrostriction coefficients for
low permittivity materials. Finally, the linear rela-
tionship between electrostriction coefficient (Q)
and the ratio of elastic compliance over dielectric
permittivity (s/€oe,) was obtained. This leads to an
effective way to predict the electrostriction coeffi-
cient in dielectric materials.
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